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ABSTRACT 
This thesis details the development and use of an electrical 
response technique for monitoring the chemical and physical 
changes occurring within the cement paste during the initial 24 
hours after gauging with water. 
Traditional empirical tests and the more sophisticated laboratory 
examinations such as X-ray diffraction, scanning and transmission 
electron microscopy are critically reviewed. 
The study involves the electrical measurements on realistic 
sample sizes and constituent proportions. A modified electrical- 
model for the response of cement paste to an applied electrical 
field is proposed. An automated microcomputer data logging 
system has been developed to facilitate electrical measurements. 
It has been demonstrated that the electrical response 
measurements of cement paste can be related to the 
physio-chemical processes that take place during hydration. 
Extensive microstructural examination of fracture surfaces of 
cement pastes using Scanning Electron Microscopy revealed that 
regions of definite crystallization and the prediction as to the 
hydrate morphology can be linked to the electrical response. 
The technique could be offered as an additional tool for 
investigating the structure building processes and microstructure 
development within cement paste. The electrical response data 
can be used to monitor cement hydration and it is shown that 
-vii- 
assessment of the effect of varying chemical composition; age of 
cement; addition of admixtures and environmental conditions have 
a definite influence on hydration processes. 
CRAP TER 1 
INTRODUCTION 
1. 
v 
1. 
Clays were the f irst cementitious materials to be used in 
building construction, this was followed by ordinary lime where 
its hydration created a cementitious material which was used as 
mortar for holding brick, stone and other masonary units 
together. Pozzolanic cements were developed by the Romans from 
materials of volcanic origin, when mixed with lime they exhibited 
highly cementitious properties. Hydraulic limes were pioneered 
in the United Kingdom by John Smeaton towards the end of the 18th 
century; made fron limestones with high clay content, their 
cementitious properties were due primarily to the presence, of 
silicates. 
Portland Cement was developed by Joseph Aspdin in 1824. It is 
essentially an artificial material produced by burning a blend of 
limestone and clay. Aspdin called it Pörtland Cement simply 
because the cast concrete produced from it resembled in colour 
the stone quarried on the Isle of Portland, off the English 
coast. 
Today, the world manufacture of hydraulic cements is in excess of 
one billion tonnes(l) per year, and is, along with steel, the 
most important construction material. In spite of the amount of 
research that has been carried out on hydraulic cements, 
including chemical analysis, X-ray diffraction, and electron 
microscopy, our understanding of the structure and properties of 
cements are not as advanced as that of steel. 
2. 
During the period when oil prices were law, material research 
throughout the world was dominated by the organic chemist and 
metallurgist who had little interest in inorganic materials, 
particularly those having a direct relevance to the ceramic 
building products and construction industries. More recently, it 
has been widely realised that inorganic materials are more useful 
than was believed and, in particular, that hydraulic Portland 
Cements have considerable potential for development and use in 
novel ways. The necessary raw materials are in abundant supply 
and available worldwide. The manufacturing technology is simple, 
the energy consumed in manufacturing is relatively low and the 
hardening takes place with water at ordinary temperatures. 
Therefore, the motivation exists for scientists to research for a 
better understanding of the microstructure; improving the 
strength, toughness and durability of cements, not only for 
conventional use, but also so they may be used in new 
applications such as replacements for energy intensive plastic, 
metals and other ceramic materials. 
The problems with cement and concrete are normally associated 
with their long-term durability, 
(2) 
and are of ten caused by 
adverse chemical reactions that affect the microstructure of the 
matrix, as is the case with concrete cancer(3'4). These 
reactions attack the concrete and cause the expansion of the 
matrix from within, and results in the degradation of the surface 
layers and the eventual loss of strength. The Royal Devon and 
Exeter Hospital completed in 1974 is a perfect example. 
The hydration processes and the resulting hydration products are 
3. 
believed to have major control over almost all the important 
engineering properties of cement, such as strength, elasticity, 
shrinkage, creep, permeability, durability and setting time. 
There are, at present, two approaches used for evaluating the 
properties of cement and the understanding of its hydration: 
a) One group of the tests developed relatively recently include 
X-ray Diffraction, Scanning Electron Microscopy, Flame 
Atomic Absorption Spectrophotometry, Energy Dispersive 
Analysis and Calorimetry. These microscopic and 
submicroscopic physical and chemical studies have 
contributed towards our understanding of the'microstructural 
building processes, strength development and the'hydration 
characteristics of cement paste. Attempts have been made by 
various researchers to use the knowledge gained from the 
above studies of the microstructure to provide a fundamental 
approach to the understanding of concrete behaviour. 
b) The traditional approaches form the second group of tests 
(compressive strength test, Vicat Needle test, VB test, 
etc). These tests are made on much larger sample sizes in 
order to measure the engineering properties of the sample 
directly. The results are used to relate parameters such as 
water/cement ratio and temperature which affect hydration 
process to the resulting engineering properties. 
Both' methods have their shortfalls. The former deals with 
samples that are often difficult, costly and time consuming to 
prepare, the instrumentation is not readily available and 
4. 
requires skilled interpretation. Only a very small area of the 
sample is examined (as little as a few microns) and therefore 
care must be taken in evaluating macroscale performance for 
microscale examination. 
The latter, lack theoretical backing; hence, for every new 
circumstance, a new test would have to be devised. 
In addition to their individual advantages and disadvantages, the 
two approaches have two common practical disadvantages(5): 
1. before any measurements can be taken using current 
engineering methods, one must wait for the samples to 
harden; 
2. most of the tests are destructive in nature, therefore, 
there is a need for (and great benefits to be derived from) 
a non-destructive test which could predict the properties of 
cement and concrete from those of the fresh mix. 
1.1 THE ADOPTED APPROACH 
In the present study, attempts have been made to monitor the 
hydration of cement paste using an electrical response technique. 
Cement hydration results from various chemical reactions that 
take place when water is added to cement. During the early 
hydration, cement paste changes from a fluid to a rigid matrix, 
this change in viscosity will affect its response to an applied 
electrical field. The present research programme investigates 
the electrical properties of cement paste during the initial 
5. 
24-hours after mixing with water. Attention has been directed 
towards monitoring the changes in capacitance (hence, the 
dielectric constant) and resistance (hence, resistivity) over 
this period to establish if there is a correlation between 
changes in the physical and chemical state of the paste and the 
changes in the measured electrical parameters. 
I 
The electrical model used in previous work was a purely resistive 
one with the matrix constituents being represented by a parallel 
combination of resistive elements. The electrical model used in 
this study represents the matrix as a parallel combination of a 
capacitive element, C, and a resistive element, R. The 
capacitance element, C, is to account for the overall reactance, 
and hence the polarisation of the paste, whereas the resistive 
element, R, is to reflect the conduction effect caused by the 
drift of unbound charges, in the form of ions, through the 
solution and their discharge at the electrodes. 
In parallel to the electrical investigation, extensive Scanning 
Electron Microscopy studies on the cement paste microstructure 
were undertaken using fracture samples to attempt to correlate 
the electrical results with crystal formations and morphology 
changes of the microstructure. 
The electrical method presented may be of great practical and 
theoretical value in studies of cement hydration. It has the 
following major advantages over other techniques: 
6. 
a) The samples are of realistic size and require no special 
preparation techniques, the parameters measured are directly 
affected by the physic-chemical changes that are taking 
place. 
N 
b) The test is carried out and the results are absorbed within 
a short time after placement, therefore no time is lost. 
c) The test is non-destructive. 
d) The test method could easily be adopted for use in the 
field. 
CHAPTER 2 
C31 MISTRY OF HYDRATION 
7. 
2.1 INTRODUCTION 
In general terms, the word cement is described as any type of 
adhesive used for bonding. In Civil Engineering terms, cement is 
a complex system composed of a mixture of finely powdered 
minerals, which readily react with water to form insoluble 
hydrates. Through time, the remaining water within the mix and 
that absorbed from the atmosphere is for further hydration. The 
hydration products gradually replace the water-filled pores 
between cement grains and eventually results in a solid matrix. 
The hydration of cement has been the subject of intensive 
investigation and considerable strides have been taken in our 
knowledge and understanding of the hydrolysis and hydration 
processes. The availability of new experimental techniques and 
analytical methods has been responsible and made this advancement 
possible. 
2.2 DIFFERENT TYPES OF CEMENT 
The previous chapter outlined a brief history of the development 
of cement. In this section, the different types of cements 
available to the construction industry are briefly mentioned and 
the more widely used are discussed in detail. Further 
information on this and other aspects of cement can be found in 
6-13). (numerous 
publications 
The physical properties of a cement type are dictated by: 
8. 
i) the physical and chemical characteristics of the constituent 
minerals, 
ii) the percentage of these minerals, 
iii) the environmental conditions to which it is subjected. 
It should be possible, therefore, to obtain a cement of 
particular properties by careful selection of its mineralogical 
composition. Today a variety of cement types are available for 
use in the construction industry for normal concreting or 
special use. There are two main categories of cement: 
i) Portland Cements, 
ii) Non-Portland inorganic cements. 
A summary of the different cements falling within these 
categories are given in Table 2.1. 
2.2.1 Portland Cements 
originally called Portland Cement because of the resemblance of 
the colour of the set cement to that of Portland limestone 
quarried in Dorset, the name now applies to a family of closely 
related cements all of which have an overall similarity of 
properties. They are manufactured by intimately mixing together 
calcareous and argillaceous materials; burning them at a high 
temperature (1400-1600°C) and then grinding the resulting 
clinker. 
Ordinary Portland Cement (OPC) is by far the most widely used in 
the United Kingdom, some 18 million tonnes of OPC are used 
annually in the construction industry (90% of all cement used). 
On a world scale, this figure approaches 1 billion tonnes(1). 
9. 
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10. 
The raw materials used in the manufacture of a typical Ordinary 
Portland Cement comprises primarily lime, silica, alumina, and 
iron oxides. The four chemical compounds identified 
(6-9) 
as 
being the active ingredients in cement clinker are; tricalcium 
silicate, tricalcium aluminate, dicalcium silicate, and 
tetracalcium aluminoferrite. When hydrated, these materials make 
a major contribution to the strength development of cement. 
a) Tricalcium Silicate (C3S) 
Formed f rom CaO and Si02, with the chemical formula 3CaOSiO2. 
This is the major component in Portland Cement, constituting 
40-45% of the total in normally retarded cements and 60-65% for 
high early strength cements. C3S contributes greatly to all 
stages of strength development, but principally the early stages. 
b) Tricalcium Aluminate (C3A) 
Formed by combination of CaO and Al203 ' with chemical formula of 
3CaOA1203 and percentage by weight of between 3-15%. Although 
C3A does not contribute greatly to the final strength of the set 
cement, it sets rapidly and plays an important role in the early 
strength development of cement clinker, C3S setting time can be 
controlled by the amount of gypsum added to the clinker. 
c) Dicalcium Silicate (C2S) 
Is also formed by the reaction between CaO and Si02 with the 
chemical formula of 2CaOSiO2 and percentage by weight of up to 
25%. C2S hydrates slowly, hence it does not influence the 
initial setting but is very important in the final strength 
development. 
ii. 
d) Tetracalcium Aluminof errite (C4AF) 
Is formed by the reaction between CaO, Si02 and Fe203, with 
chemical formula of 4CaOA1203Fe203 and percentage by weight of up 
to 8%. C4AF contributes little to the strength development of 
cement. 
In addition to the above basic compounds, Portland Cement in its 
final form may contain gypsum, alkali, sulphates, magnesia, free 
lime and other minor compounds. At normal concentrations, these 
materials do not significantly affect the properties of set 
cement, however, they do influence rates of hydration and 
resistance to chemical attack. The two calcium silicates are the 
main cementitious compounds and the physical behaviour of cement 
is largely dictated by these compounds 
(14), 
therefore, by careful 
manipulation of the compound composition, it is possible to 
modify certain properties of the OPC in order that the new cement 
will perform more satisfactorily in particular application. 
When rapid strength development is desired f or practical and 
economical reasons (i. e. precasting, structural repair), Rapid 
Hardening Portland Cement (RHPC) is used. The increase in the 
rate of gain of strength is achieved by increasing the C3S 
content and by finer grinding of the cement clinker, the latter 
will result in an increase in the surface area and hence a faster 
rate of hydration. The percentage weight of C3S can be as high 
as 70%. The strength gained after three days by RHPC is of the 
same order as the 7-day strength of OPC cement using the same 
water-cement ratio. 
12. 
When low heat of hydration is required to prevent, for example, 
shrinkage and thermal cracking in mass concreting, Low Heat 
Portland Cement (LHPC) is used. To achieve low heat of 
hydration, the percentage of C3S and C3A within the composition 
is reduced, the C3S and C3A percentage could be reduced to 25% 
and 5% respectively. This will result in a slower rate of gain 
of strength, but the ultimate strength is not affected. 
When concrete is exposed to an aggressive environment, such as 
sea water and constant wetting and drying, the calcium aluminate 
hydrate (a by-product of the reaction between C3A and gypsum, 
CaSO42H2O) present within the cement matrix, can react with 
sulphate salts from the external environment, to form calcium 
sulphoaluminate, which is insoluble and will remain within the 
framework of the hydrated cement paste. This results in an 
increase in the volume and a gradual disintegration of the 
matrix. Sulphate-resisting Portland Cement (SRPC) with a low C3A 
content (below 5%) has proved to provide satisfactory performance 
even in the most aggressive environments. 
Modified Portland Cements are cements formed either by adding 
other ingredients to the clinker or by varying the manufacturing 
process to form different compounds during burning. Numerous 
types of cement developed for special use, all of which fall 
within this category, are listed in Table 2.1 and their 
specialised properties are dealt with in detail by Mindess(6) 
and Neville . 
13. 
I 
2.2.2 Non-Portlarnd Cements 
The most important cement type in this category is High-Alumina 
Cement (HAC) or Ciment Fondu Lafarge. Unlike Portland Cement, 
where the main phases are calcium silicates, with only minor 
quantities of C3 A, the major constituent of High-Alumina Cement 
is 60% CA (calcium aluminate, CaOA1203), with up to 10% C2S and 
between 5-20% C2As (dicalcium-alumninosilicate, 2CaOAl203SiO2), 
the minor constituents, which collectively amount to between 
10-20%, include C12A7FeO. 
The setting time of a HAC cement paste is comparable to that of 
Portland Cement, but it hardens rapidly and gains considerable 
strength within the first 24-hours after gauging. HAC was 
developed to overcome the problem of attack of sulphate-bearing 
water on Portland Cement, but, because of several roof and floor 
failures 15 associated with precast concrete beams made with HAC 
cement, the structural use of HAC is n6w limited. The problem is" 
associated with the loss in strength caused by a combination of 
adverse chemical reaction (conversion) and adverse environmental 
conditions 
(16). 
A number of other notable Non-Portland Cements 
are listed in Table 2.1, and their properties are dealt with in 
(detail by Kurdowski and Sorrentino 
lýý 
2.3 MANUFACTURE OF PORTLAND CEMENT 
The manufacture of cement involves grinding and mixing raw 
materials, and then subjecting the blend to high temperatures to 
produce compounded oxides, so that when hydrated they will have 
cementitious properties. Pollitt(18) and Berton and Murray 
(19) 
have given detailed accounts of the processes involved, and only 
14. 
a summary of the events is outlined below. 
2.3.1 The Raw Materials 
The raw materials are calcareous and argillaceous rocks, or other 
by-products which contain these materials. Because the process 
of separating the desired ingredients from rock is not an exact 
one, the composition of the final product depends heavily on 
that of the raw materials. 
Calcareous materials contain calcium carbonate or calcium oxide. 
The rocks that are commonly used are: 
Limestone: A rock that is formed mainly by accumulation of 
organic remains (marine shells or coral). Its 
basic component is calcium carbonate. 
Cement rock: A rock with similar composition to artificial 
cement. 
Chalk: A soft white/grey buff limestone composed mainly 
of marine shells. 
Marl: A loose or crumbly earthy deposit containing a 
substantial amount of calcium carbonate. 
Alkali waste: The waste from chemical plants which contains 
calcium oxides or calcium carbonate. 
Argillaceous materials contain clay or clay minerals, and the 
rocks that are commonly used are: 
Clay: An earthy material, plastic when moist, but hard 
when fired, it is composed mainly of hydrous 
aluminium silicates and other minerals. 
15. 
Shale: A fossil rock that is formed by the 
consolidation of clay, mud or silt, composition 
of which has not been altered since deposition. 
It has a finely laminated structure. 
Slate: A dense, fine-grained rock produced by the 
compression of clay, shales and other rocks. 
Ash: A by-product of coal combustion; it has traces 
of silicate. 
2.3.2 Preparation of the Raw Materials 
There are two methods of manufacturing cement - wet and dry 
processes. The difference between the processes lies in the 
technique used in seperating the unwanted minerals from the raw 
materials. Figures 2.1 and 2.2 show the flow chart of 
manufacturing steps taken in producing Portland Cement, dry and 
wet respectively. 
Dry Process: Clays and limestone materials are f ed to 
separate crushers and the finely crushed 
products are stored in seperate bins, their 
chemical compositions are analysed and a desired 
compositon is blended. The blend is then 
delivered to a grinder for pulverization. 
Wet Process: The limestone is ground and stored in bins. 
Clay materials are slurried so that pebbles and 
the larger unwanted particles will settle out. 
The two minerals are then ground together in a 
mill and once the desired composition is 
achieved, the mixture is partially dried and 
sent to the kiln for firing. 
16. 
The wet process is more controllable, but requires extra input of 
energy in wetting and drying processes, this makes the process 
more expensive. 
2.3.3 The Burning Operation 
The most important part of the manufacturing process takes place 
in a long rotary kiln. The blended raw mixture is fed at a 
uniform rate into the upper end of the kiln and heated, 
gradually, to a liquid state. The reaction in the kiln and the 
temperatures at which they take place are: 
100°C: Evaporation of free water. 
500°C: Dehydroxylation of clay minerals. 
900°C: Crystallisation of products of clay mineral 
dehydroxylation, decomposition of CaC03. 
900-1200°C: Reaction between CaCO3 or CaO with 
aluminosilicates. 
1250-12800C: Beginning of liquid formation. 
12800C+: Further liquid formation and formation of 
cementitious compounds. 
2.3.4 The Cooling Process 
The rate and method of the cooling process has a profound effect 
on the quality of the clinker compound. Slow cooling, will allow 
the crystallisation of the clinker components, this ensures 
better grindability and higher long term strength. Fast cooling, 
on the other hand, results in the formation of glass which makes 
the clinker difficult to grind. The cement develops high early 
strength, but may deteriorate with time. 
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2.3.5 Final Grinding 
The clinker is ground in ball-type grinding mills. During 
grinding, a certain amount of gypsum is added to the clinker to 
prevent flash setting of the cement, the amount added varying 
between 1.5% and 3%. 
2.4 THE HYDRATION OF PORTLAND CEMENT 
The hydration of Portland Cement varies according to the 
structure of clinker grains, which, in turn, is influenced by the 
raw materials; particle size and distribution; and the burning 
and cooling processes(20). These variables affect the 
crystallisation of the various f inal compounds 
(21-25) 
and the 
porosity of the clinker grains themselves. 
In general, C3S (alite), which is the major component of clinker 
grains, crystallises as angular particles. C2S (bellte) 
crystallises as smaller, more rounded particles which are 
distributed amongst the C3S particles. C3A, which forms a small 
percentage of clinker grains, also crystallises as angular 
particles. C4AF forms the internal phase within the clinker 
grain structure. Figure 2.3 shows a suggested clinker grain 
26)" (structure 
Because of the complexities of the hydration of Portland Cement, 
it is necessary to study the hydration of pure compounds (C3S, 
C3 A, C2 S, C4 AF) forming it, and, although' it is incorrect to 
assume independent hydration of phases without interaction 
between hydrating compounds, the understanding of the hydration 
18. 
of individual phases can help in giving an insight as to the 
hydration of Portland Cement. 
Conduction calorimetry, a technique in which the rate of heat 
liberation in the hydration process is monitored with respect to 
time, has been widely employed by researchers in studying the 
(hydration 
of cement and its individual compounds 
27ý30ý. A 
detailed description of the design of calorimeters and of the 
variation in calorimetry techniques,, may be found in the papers 
of Forrester29ý and Monfore 
ý28ý. 
Amongst other methods employed 
to study cement hydration is the monitoring of the calcium ion 
(Ca2+) concentration in the liquid. phase as a function of 
time 
(31) 
. Skalny et al(32 
) 
and Jawad et al(33 
) 
have reviewed 
previous work by other researchers on the hydration mechanisms of 
individual clinker compounds and that of Portland Cement using 
various methods, i. e. conduction calorimetry, scanning electron 
microscopy,. X-ray diffraction, transmission electron microscopy. 
2.4.1 Crystal Morphologies and Microstructure of Hydrates 
The crystal morphology of hydrates needs specific classification 
to allow easier recognition of hydration products during 
observation by scanning electron microscopy. 
Hardened cement paste is a composite matrix composed of a mixture 
of crystalline and amorphous products, with a large percentage of 
the total volume comprising gel and capillary pores. An 
approximate composition, by percentage volume, is33): 
ý 
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Calcium Silicate Hydrate (C-S-H) 50% 
Calcium Hydroxide (CH) 12% 
Calcium Sulpho-Aluminate Hydrates (Arm) (AFt) 13% 
Pores 25% 
C-S-H is the predominant constituent of cement paste and it 
appears in a variety of morphologies, Jawed 
(25) 
sees a need for a 
universal adoption of single nomenclature for C-S-H types and 
suggests a classification of C-S-H morphologies with. an adopted 
naaenclature as summarised in Table 2.2. 
Early products Middle products Late products 
Designation II I III IV 
Morphology Reticulated Needles radiat- Indefinite Spherical 
ing from grain Agglomer- 
ates 
Table 2.2 CLASSIFICATION OF C-S-H MORPHOLOGIES 
Type I C-S-H: 
Morphology appears as needle-like crystals. They form in the 
middle period of hydration (0-16 hours), when pores are filled 
with water containing high concentration of ions. 
Type II C-S-H: 
Seen as reticulated crystals (net like) and start to form in the 
early period of hydration . 
Type III C-S-H: 
Has an indefinite morphology, but believed to appear as crumpled 
foils. 
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Type IV C-S-H: 
Morphology resembles a spherical-like product. Both Types III 
and IV are formed when space becomes restricted for particle 
growth and ionic mobilities are low, i. e. the late period of 
ti 
hydration. 
Calcium Hydroxide (CH): 
Displays a well crystallised morphology. The crystals are large 
in comparison to C-S-H crystals (up to three orders of magnitude 
larger 0.01 - 0. lmm) and can sometimes be seen by the naked eye. 
They form within cement voids and are seen as well defined 
hexagonal prisms. 
Calcium Sulpho-Aluminate (AFm, Art): 
Can assume two morphologies depending on sulphate ion (So4 
2) 
concentration within the capillary water of the matrix. The 
crystals are also hexagonal prisms, but with much higher aspect 
ratio ( 10: 1). In Portland Cement, ettringite (AFt) appears as 
long slender needles radiating from the grain with an aspect 
ratio of 20: 1, the crystals are small in comparison with calcium 
hydroxide crystals and cannot be viewed with an optical 
microscope. When there is a lack of Soo 
2- ions within the 
matrix, calcium mono sulpho- aluminate (Arm) hydrate is produced 
with irregular, thin hexagonal plate crystals forming in 
clusters. 
A large percentage of the volume of the paste consists of pores, 
which comprise both capillary pores and gel pores. The 
percentage volume of pores within the paste is dependent on the .. 
water-cement ratio of the mix, the temperature of hydration and 
curing conditions, and degree of hydration. 
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2.4.2 Hydration of Tricalcium Silicate (C3S) 
The hydration of C3S has been studied extensively by monitoring 
the rate at which heat is evolved during hydration using 
conduction calorimetry. Skalny(34) has reviewed the existing 
knowledge and only a summary of essential aspects will be dealt 
with here. The general shape of the heat evolution curve with 
respect to time for hydration of C3S is given in Figure 2.4, 
along with a curve showing the Ca2+ ion concentration in liquid 
phase. Five stages have been developed from the heat evolution 
curve to represent C3S hydration. 
Stage 1: Rapid hydration of C3S and release of calcium and 
hydroxyl ions (Ca2+, CH ) into the gauging water 
(0-80 minutes). 
Stage 2: A period of slow chemical activity, during which Ca2+ 
concentration is increased in the solution 
(0-3 hours). 
Stage 3: A period of renewed chemical activity, during which 
C3S hydrates with vigour. The rate of heat liberation 
reaches a maximum during this period (3-10 hours). 
Stage 4: The rate of chemical reaction is slowed down during 
this period and Ca2+ ion concentration is reduced. 
Stage 5: The reactions take place at a much reduced rate, as 
hardening commences. 
It has been postulated by the majority of researchers, that Stage 
2 (the induction or dormant period), is the most important stage 
of hydration, it is affected by the water to solid ratio, 
temperature, particle size and admixtures. It is believed that 
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the ultimate properties of the cement matrix is dictated by the 
(chemical 
reactions taking place in this period 
34ý. The complete 
hydration reaction of tricalcium silicate (C3S), equation 2.1, 
produces as hydration products: calcium silicate hydrates 
(C3S2H4) known as C-S-H (of various morphologies) and calcium 
hydroxide Ca(OH) 2 
known as CH. 
2(3CaO. Si02) +7 H2 > 3CaO. 2 SiO2.4H2O + 3Ca(OH)2 .. (2.1) 
(2C3S) + (7H) > (C3S2H4) + (3CH) 
Attempts to explain the mechanism of the induction period has 
produced two main theories, and although not all researchers 
agree on every point within each theory, they are in agreement on 
certain principal points. 
2.4.2.1 Protective Membrane Theories 
It is suggested that as gauging water is added to C3S clinker, 
calcium and hydroxyl ions (Ca2+, OB ) are leached into solution 
with C-S-H forming as a protective layer on the silica rich 
surface of the clinker grain (start of induction period). The 
induction period is said to end when this protective layer is 
(disturbed 36-44)" 
Researchers following this theory are in 
agreement over the formation of a protective membrane, but cannot 
agree over its morphology and also the reason for the onset of 
Stage 3 of hydration. 
Lea 
(7) 
and Stein 
(36-38) 
proposed that on gauging, C3S reacts 
vigorously, Ca2+ and OH ions are released into solution. The 
early high rate of heat liberation (Stage I, Figure 2.4) is 
23. 
attributed to this reaction. The relatively sudden decrease in 
the rate of heat liberation is caused by the initial hydration 
products (calcium silicate hydrate) coating the C3S grain as a 
protective layer. This is taken to be the onset of the 
induction period. The initial C-S-H hydrate has a high 
calcium-silicate ratio (=3: 1) and is relatively impervious. This 
coating retards further hydration of C3S and the reaction rate 
decreases. The hydrate is unstable because of high 
calcium/silica ratio. It is suggested that during the induction 
period, C-S-H changes it morphology depending on the 
calcium/silica ratio within the aqueous phase- and converts to a 
more permeable secondary hydrate with a calcium/silica ratio of 
between 0.8-1.5. The aqueous phase becomes supersaturated with 
respect to Ca2+ and renewed reaction on the unhydrated C3S will 
be initiated by disruption or recrystallisation of the protective 
layer, this is marked by the rapid rate of heat liberation 
(Figure 2.4, Stage 3). Stages 4 and 5 are controlled by a steady 
release of ions and further formation of hydrates. 
Skalny(32 
) 
and Fuj ii(39 
) believe that the initial membrane which 
causes the onset of the induction period consists of a skin of 
water and the first noted hydration product does not crystallise 
on C3S surface for some twenty minutes after gauging. Moreover, 
the end of the induction period is attributed to supersaturation 
of solution with Ca 
2+ ions and nucleation growth of C-S-H. 
Magnan(38) believes in the formation of the protective layer 
during Stage 1, but could not detect it by electron microscopy. 
However, assuming the early formation of C-S-H, his scenario for 
early hydration postulates the liberation of soluble Ca2+ ions 
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from the primary amorphous C-S-H leaving a silicate rich surface 
layer around the grain. This layer, in time, reacts by 
pozzolanic effect with Ca2+ ion-rich solution to form the final 
silicate hydrate, equation 2.3 and Figure 2.5. 
CH +S+H> C-S-H ... (2.3) 
Double(40-42)' using a novel electron microscopy system 
(developed by him and his co-researchers), studied the early 
hydration of cement slurries. Previous studies of cement 
hydration using electron microscopy had its limitation caused by 
the need for complete dehydration of the samples and hence some 
disruption of its crystalline micro- structure. The new process 
enabled the direct observation of the hydration products formed 
during early hydration. Resulting from their observations, they 
postulated a new, two-stage, scenario for the hydration of cement 
clinker on contact with water: 
a) the rapid formation of a coating of gelatinous hydration 
products (C-S-H) around the cement grain which, in turn, 
inhibits subsequent reactions (the induction period), and 
b) the eventual growth of fibrillar C-S-H crystals f roan the 
coatings which will form a reticulate network between 
grains. 
The amorphous coating forming during stage (a) above allows the 
gradual passage of Ca2+ ions from the grain to the aqueous phase 
and water fron the solution into the grain. In time the aqueous 
phase becomes supersaturated in Ca2+ ions; moreover, the surface 
of the grain is depleted with Ca2+ ions, and will become 
negatively charged with a silica-rich surface layer. An osmotic 
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pressure is built-up within the protective coating and eventually 
causes it to rupture at weak points. Tubular fibrils of C-S-H 
will then begin to grow at the point of rupture through the 
amorphous C-S-H hydrate on the grain surface. it has been 
implied that this process resembles the silicate garden 
morphology which has also been proposed by Birchall(43) and 
Powers 
44 
.A schematic model for the above hydration scenario 
is given in Figure 2.6. 
It must be pointed out at this stage that there are controversies 
on the osmotic hypothesis43,50) . Osmotic mechanisms are not 
observed in the hydration of pure C3S, theref ore, their 
occurrence in cement hydration must be the result of the presence 
of alumina, sulphate and other species 
33ý. 
To substantiate this 
hypothesis, further experimental evidence is required. 
2.4.2.2 Delayed-Neucleation Theories 
The second group of researchers propose the delay in nucleation 
of calcium hydroxide and calcium silicate hydrates as the reason 
for the onset of the induction period. Theref ore, it is the 
nucleation of CH and C-S-H that ends the induction period and 
initiates renewed hydration of the anhydrous C3S core. 
Young 
(45) believes that the induction period is controlled by the 
nucleation and growth of CH from solution. C3S is dissolved 
during the induction period, Ca 
2+ 
and off ions are leached from 
C3S grains into the solution, the rate of dissolution decreases 
as the solution becomes saturated and its chemical potential 
increases (hence, the slowing down of C3S reaction). This 
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thermodynamic barrier is lifted when the solution becomes 
sufficiently supersaturated with Ca2+ and OH ions for calcium 
hydroxide to nucleate and grow. C3S hydration is reactivated as 
a result of the reduction in Ca2+ ions in solution (end of 
induction period). 
Young 
(46). in studying the Ca2+ and 0R concentration in the 
liquid phase, with respect to time, found that the time of 
maximum Ca2+ ion concentration coincided with the. end of the 
induction period (Figure 2.4) and the onset of calcium hydroxide 
nucleation. The following chemical reactions have been suggested 
by Young 
(46): 
Initial hydrolysis: 
C3S +H -+ C2S* + Ca2+ + OH 
C2S* +H --4 2Ca2+ + H2 Si04 
2- 
+ 20H 
Where C2S* is considered as a lime-deficient 
C3S after initial hydrolysis. 
2H2Si04 
2- 
+ 20J---> Si207 
6- 
+ 3H20 
At the end of the induction period: 
Ca2+ + 20H CH 
2SiO4 
4- 
+H -> Si207 
6- 
+ 201 
[Si03]n 2- + 2n01 
... (2.3) 
... (2.4) 
... (2.5 ) 
... (2.6) 
... (2.7) 
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The increase in the ionic products within the solution after CH 
nucleation is accounted for by the increase in OH ion 
concentration caused by the polymerisation of the silicate 
species formed during the renewed chemical activity of C3S 
(equation 2.7). 
Sleger(47), in agreement with Berger 
(48) 
. confirmed that the 
solution is supersaturated when Ca2+ ion concentration is at its 
peak (Young 
(46)), 
however, they detected Ca(OH)2 crystals in the 
solution long before supersaturation, but explained that Ca(OH)2 
could crystallise -near C3S grain surface, where Ca2+ ion 
concentration is relatively high long before supersaturation of 
the aqueous phase with Ca2+ and OH ions. Tadros et al 
(49) 
conducting studies on concentrations of ions within the aqueous 
phase concluded similar findings, they proposed that Ca(OH)2 
crystals also act as neucleation sites for C-S-H. This is 
because Ca(OH)2 crystals incorporate silicate ions. 
The hydration stages following induction contributes to the 
development of the main characteristics and properties of the 
hydration products. Unfortunately, because of the complexities of 
the hydrates and inadequate instrumentation to monitor the events 
taking place, there is a lack of knowledge in this area. There 
are many conflicting views as to the nature and morphology of the 
hydrates produced, in particular C-S-H. 
It is known that C-S-H converts as C3S reaction progresses, it 
forms a rigid network to replace: 
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a) the aqueous phase along with Ca(OH)2 nucleation between the 
grain. 
b) the anhydrous core within the grain. 
Glasser 
(50) 
proposed a mechanism for C3S hydration which is given 
in Figure 2.7. CH and Type I C-S-H nucleate, which ends the 
induction period; as the reaction proceeds, Type I C-S-H and CH 
hydroxides are engulfed by Type III C-S-B. This mechanism has 
much in common with those suggested by Young 
(45,, 46) 
and 
(Tadros49) 
Taylor 
(51) 
proposed a mechanism based on his own observations 
along the findings of Tadros(49), Glasser 
(50) 
and Young 
(45,46) 
which is reproduced in Figure 2.8. As the hydration progresses, a 
semi-solid law calcium/silica ratio layer surrounds the grain 
(Figure 2.8(b)), which in time advances into the diminishing C3S 
grain (Figure 2.8(c)). Some of the Ca2+ ions released freu the 
reacting C3S pass through this layer to form outer products of 
c-S-H and CH, others are trapped in this layer and react with 
silica to form the inner C-S-H product. This hypothesis, as 
suggested by Taylor 
(51), 
requires additional experimental proof. 
2.4.3 Hydration of Dicalcium Silicate (C2S) 
Generally, hydration of C2S has not received the amount of 
attention given to the hydration of C3 S. The reason lies with 
the fact that C2S hydrates in a similar way to C3S and produces 
the same hydration products, however, the reaction rates are much 
slower: 
2C2S + 5H y C3S2H4 + CH ... (2.8) 
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Monitoring the hydration of C2S by measuring the rate of heat 
liberation is more difficult, because C2S liberates less heat 
during its hydration and the reactions take place at a much 
slower rate. Precipitation of C-S-H around the grain boundaries 
(have been observed52ý as early as 15 'seconds after gauging with 
water, but subsequent development to other morphologies of C-S-H 
hydrates take much longer. Supersaturation Ca2+ and OH in 
solution is not to the same extent as with C3S hydration, large 
Ca(OH)2 crystals are formed during the late hydration. period. 
Lately, because of the realisation of the important role which 
C2S hydration plays in the structure building processes of 
cement, more effort has been directed towards effective ways of 
monitoring C2S hydration. 
2.4.4 Hydration of Tricalcium Aluminate (C3 A) 
The mechanism of C3A hydration is, in principle, similar to that 
of C3S, although the reaction rates vary. The products of 
hydration have different chemical composition and morphologies, 
and a much higher rate of heat evolution is experienced. 
However, like C3S, when C3A reacts with water, calorimetry 
studies 
(53) 
show vigorous reactions taking place within minutes 
of contact with the gauging water. There follows a period of 
little or no apparent chemical activity proceeded by renewed 
reaction and subsequent slowing down. 
Pure C3A grains, when reacting with water produce unstable 
hexagonal hydrates (C4 13 and C2AH8) which convert to stable 
cubic hydrate (C3n6) . 
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2C3A + 21H --- 
0 
C4AH13 + CZAH8 
(hexagonal hydrate) 
... (2.9) 
C4AH13 + C2AH8 ---4 2C3AH6 + 9H 
(cubic hydrate) 
... (2.10) 
The conversion takes place either when sufficient C3AH6 nuclei 
are available, or when the temperature of the hydrating system is 
raised above 30°C (by the exothermic nature of the reaction 
forming hexagonal hydrates), once C3AH6 is nucleated, crystal 
growth will take place and continue even at temperatures below 
30°C. Direct formation of C3AH6 from C3A is possible at 
temperatures above 80°C. However, it is the hydration of C, A in 
the presence of sulphate ions that is more relevant to cement 
hydration. Calcium sulphate CaSO4.2H20 (known as gypsum) is 
added to cement clinker during its manufacturing process, to 
control cement setting. In the presence of gypsum, during the 
first few minutes, an almost impermeable coating of ettringite 
(C6AS 3E32) covers the C3A grains and prevents further 
dissolution 
and hence the diffusion of SO4 
2- 
and. Ca2+ ions into the liquid 
phase. Ettringite remains stable so long as there are sufficient 
amounts of SO4 
2- 
available in the liquid phase to prevent 
conversion to the more stable C4ASH12 (monosulpho-aluminate) 
hydrate: 
C3A + 3CSH2 +S26H -ý C6A 3H32 """(2.11) 
(ettringite) 
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C6AS3H32 + 2C3A + 4H --3 3C4ASH12 ... (2.12) 
(monosulpho-aluminate) 
The first peak in the heat evolution prof Ile is the consequence 
of the initial dissolution of C3A and the formation of ettringite 
(Stage 1, Figure 2.9(a)). The subsequent period of inactivity 
(Stages 2 and 3, Figure 2.9(a)) is the result of reduction in the 
Soo 
2- 
and Ca2+ ion concentration in the liquid phase, which 
controls the rate at which ettringite is formed. Stage 4 is the 
onset of the conversion of ettringite to monosulpho-aluminate, 
initiated by a sufficient reduction in SO4 
2- ion concentration 
of the liquid phase. The conversion fractures the ettringite 
layer, and exposes unhydrated C3A core to further hydration. 
Figure 2.9(b) illustrates the sequence of C3A hydration as 
suggested by Jawed and co-workers(33). A new mechanism of 
hydration has been suggested by Tadros(54) and Skalny(55) based 
on their dissolution and electrokinetic data, which is not unlike 
the mechanism proposed by Skalny(32) and Fujii(39) for C3S 
hydration. They Postulate C3A to dissolve in water, leaving a 
negatively charged alumina rich layer around the anhydrous core, 
positively charged Ca2+ ions are adsorbed to this layer, the 
formation of this charged layer reduces the rate of C3A 
dissolution. In the presence of sulphate ions, C3A particles 
with their positively charged layer will adsorb negative SO4 
2 
ions which results in further reduction in the dissolution of C3A 
(Figure 2.10). 
2.4.5 Hydration of the Ferrite Phase (C4AF) 
C4AF hydration is similar to that observed by C3A hydration in 
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the presence or absence of gypsum. However, the reaction rates 
are slower and the amount of heat that is evolved is much less. 
The mechanism of hydration is the same as that for C3A hydration, 
only iron oxide plays the role of aluminium oxide. As the amount 
of iron is increased, the reaction slaws down. 
2.4.6 Settinq and Hardening Processes in Cement Paste 
The hydration of Portland Cement is a complex chemical 
interaction of several individual compounds hydrating 
simultaneously at varying rates, each being influenced by each 
other's hydration. The most reactive compound forming Portland 
Cement clinker is C3A followed by C3 S, C4AF and C2S. C3S forms 
the greatest part of Portland Cement clinker and, as such, its 
hydration dominates the early hydration of Portland Cement. The 
mechanism of early Portland Cement hydration is believed to 
closely follow that of C3S hydration 
(32), 
therefore, the theories 
suggested by Skalny(32), Fujii(39), Double 
(40-42) 
and Powers 
(44) 
would, in principal, apply to Portland Cement hydration. To 
date, a precise mechanism for cement hydration has not been fully 
understood and, although the postulated theories are more often 
complimentary than contradictory, they are still the subject of 
controversy. However, several different time stages in the 
process of cement hydration can be distinguished and be related 
to the formation of different chemical hydrates. A convenient 
method to follow the various stages of cement hydration is to use 
the heat evolution profile during hydration (Figure 2.11). 
The first stage of hydration lasts for a few minutes and the 
first peak in the heat evolution graph (Figure 2.11) is the 
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direct result of the following exothermic reactions. Immediately 
upon contact with water, C3A and gypsum interact with water and 
as a result gypsum starts dissolving, sulphate ions (SO4 
2) 
migrate to the rapidly hydrating C3 A, encouraging the formation 
of ettringite (C6` S3H32) around the unhydrating tore of C3A which 
will act as an inhibiting layer, preventing further hydration of 
C3 A. The C3S component of the grain also dissolve releasing 
calcium (Ca2+) and hydroxyl (OH-) ions into the solution. The 
calcium ions are then partially readsorbed to the silicate-rich 
outer layer, this, along with further' hydration of C3S, results 
in the formation of a thin layer (50-100 angstroms) of C-S-H 
hydrate with calcium to silicate ratio of between 1 and 3, called 
gel, beneath the readsorbed Ca2+ layer. This is an amorphous 
calcium silicate hydrate, which can last for several seconds or 
up to a few minutes. It is sometimes referred to as Type 0 
C-S-H. 
Following these initial exothermic reactions, there is a period 
of 30 minutes to several hours when there is little or no heat 
liberation (Stage 2, induction period), however, the chemical 
reactions have not ceased completely, water is adsorbed by the 
unhydrated core and Ca2+ ions are slowly released into solution. 
During the induction period, the morphology of C-S-H changes and 
acquires a more definite crystalline form (Type II, C-S-H). 
According to one of the hydration theories 
(40-43), 
the C-S-H 
overlayer acts as a semi-permeable membrane which allows water 
molecules to diffuse into the anhydrous grain core but greatly 
slows dawn calcium and hydroxyl ion migration into solution. 
Therefore, the osmotic pressure continuously builds during this 
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dormant period. When a critical pressure is reached, the C-S-H 
protective layer bursts and exposes unhydrated C3S core f or 
further hydration. 
The second heat liberation peak (Figure 2.11) marks the beginning 
of renewed chemical activity. It corresponds to the formation of 
calcium hydroxide crystals within the now supersaturated liquid 
phase, moreover, the morphology of silicate hydrates are 
modified, new C-S-H hydrates are formed (Type I C-S-H) and others 
convert to fill the spaces vacated by water used by hydration. 
Most of the C3A would have been hydrated to form ettringite, 
using available Soo 
2- ions, which would also contribute to the 
amount of heat evolved. However, if S04 
2- ion concentration in 
the liquid phase is depleted, ettringite will dissolve to form 
monosulpho-aluminate. Because this reaction is dependent on the 
relative availability of aluminate and sulphate ions, it could 
take place any time after the end of the induction period. 
After the second peak in the rate of heat evolution is reached, 
the overall rate of reaction drops as the reactions become 
diffusion controlled. At this stage hydration of C2S and C4 AP 
compounds becomes more prominent, their reaction following an 
essentially similar hydration mechanism to those of C3S and C3A 
respectively. They would proceed as long as space and reacting 
species are available. 
In this brief synopsis of the Portland Cement hydration process, 2 
the C3S hydration phase has been emphasised, this is for the 
simple reason that C3S hydration is judged to be the main 
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reaction phase 
(7,21) in Portland Cement hydration and the 
. It is during Stage 3 that 
(principal 
contributor to setting33ý 
the paste changes from fluid to rigid state and it is over this 
transition period that the terms 'initial set' and 'final set' 
are used to define arbitrary degrees of firmness of the paste. 
Traditionally the Vicat Needle 
(56) has been used to quantify 
these terms. 
2.5 RETARDATION AND ACCELERATION IN SETTING TIME 
As stressed before, the chemical composition of cement clinker 
has a direct influence on its setting and hardening properties. 
Therefore, controlling the composition of the dry cement and the 
manufacturing process becomes important. The setting time of 
cement is adjusted during the manufacturing by: 
a) composition adjustment (i. e. C3S to C3A ratio), 
b) particle size distribution (altered by grinding process), 
cement will set slower when coarsely ground, 
C) the cooling rate of the cement clinker which determines, to 
some degree, the amount of C3A available for hydration - the 
faster the clinker is cooled, the less C3A is formed and the 
slower the setting time. 
It is common practice to use several of the above methods when 
producing special cements. 
Field retardation or acceleration of cement hydration is common 
and accomplished by introducing chemical additives, which alter 
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the hydration process of cement. The use of admixtures becomes 
necessary when environmental conditions, local conditions, and 
design constraints demand particular characteristics from cement. 
Recently, the use of admixtures by the construction industry has 
increased 
(57), 
as a substitute to using special cements. 
A variety of admixtures are in use, and they are often classified 
according to the purpose for which they are being used 
(8). The 
most common are retarders, accelerators and water reducing 
(superplasticisers), the less common admixtures are air 
entrainment, air detrainment, fungicidal and water proofing 
admixtures. Details of how admixtures chemically affect the 
hydration of Portland Cement can be found in References 7,8,45, 
58 and 59. 
a) Celluloses, lignosulfonates and sugar 
(60,61) derivatives are 
widely used as retarders, they inhibit hydration and 
precipitation of calcium hydroxide. Care must be taken with 
retarders to make sure that they do not interfere with 
strength development of the cement. 
b) Amongst a number of chemicals used as accelerators, sodium 
(chloride 
and calcium chloride are the most common62) 
These inorganic chemical accelerators increase the ionic 
character of the aqueous phase, this encourages the rapid 
hydration of C3 A, C3S and C2S phases, the nucleation of 
calcium hydroxide, and the formation of calcium-silicate- 
hydrate, hence faster setting time. 
C) Lignosulphonic acids, hydroxylated carboxylic acids are used 
as water reducing admixtures63,64,65) ý These admixtures 
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help to'disperse cement particles and hence expose a greater 
surface area of the cement to hydration, this will result in 
an eaLly gain in the strength of the mix. Because of the 
entrained air introduced by the admixture, the quantity of 
the mixing water could be reduced without affecting 
. 
( 
workability. The reduction varies between 5-15%65) 
Superplasticisers are modern equivalents of water-reducing 
admixtures 
(66), they are more effective in dispersing the 
cement particle, hence improving workability and the 
increase in the rate of hydration. 
Although manufacturers of additives describe the effect and 
properties of their products, care must be taken when using 
admixtures. Their effect is not similar on cements of different 
chemical composition, and age. Their use, therefore, must be 
based on personal experience or ad hoc tests and the adherence to 
Code recommendation (BS 5075: Part 1,1982 and ASTM Standard 
C494-79) until theoretical information on a scientific basis 
becomes available to permit a reliable quantitative prediction of 
the behaviour of admixtures in concrete under various possible 
circumstances. 
2.6 CONCLUDING COMMENTS 
- Despite all research in the field of cement hydration, 
divergence of opinion exists between the presented theories 
as to the mechanism of cement hydration. 
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- There are limitations as to the use of any one of the 
experimental techniques in studying cement hydration. 
Much information has 
of the individual 
provides a necessary 
hydration, however, 
cross-reactions that 
and minor compounds. 
been gained on the hydration mechanisms 
cement minerals. This information 
basis for the understanding of cement 
care must be taken to consider the 
will take place between various major 
- There is a need for the development of accurate techniques 
to continually monitor: 
a) the hydration of cement paste, 
b) chemico-physical changes of cement paste, 
c) pore structure development. 
- The need for the use of new techniques for monitoring and 
assessing such engineering properties of cement and concrete 
as: 
a) Strength, 
b) Setting time, 
c) The influence of admixtures, 
d) Durability, 
e) Permeability. 
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CHAPTER 3 
METHODS OF TESTING CEMENT AND CONCRETE 
49. 
3.1 INTRODUCTION 
As mentioned in the previous chapter, cement is a non-homogeneous 
material formed by finely grinding several minerals, hence the 
performance and properties of cement is dependent on the 
percentage and properties of its individual constituents; the 
manufacturing process; the storage conditions of cement before 
use; the mix design and quality control. Stringent control 
takes place and tests are performed in a cement work'. s laboratory 
to ensure that the cement is of the desired quality and conforms 
to the various national standards. However, it is essential for 
the cement user to conduct independent tests at more frequent 
intervals to ensure that his, and the requirements of the various 
standards, are satisfied. In Britain, the relevant standards are 
BS 12, BS 4550 and BS 1881. 
3.2 LABORATORY TESTING 
The laboratory analysis of cements, and the methods used to 
investigate cement hydration, can be divided into three 
categories, depending on the state of cement for testing: 
a) Testing of dry cement powder and wet chemical analysis. 
b) " Testing of liquid cement paste. 
C) Testing of hardened cement paste. 
There are universally accepted and recognised tests which conform 
to various international standards and cover the above. In 
addition, there are rheological and other unconventional tests 
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available which, although not universally recognised, give an 
insight into the hydration of cement. The electrical method, 
described here, falls within the latter category. 
3.2.1 Testing of dry cement powder and wet chgmical analysis 
Testing of cement powder involves chemical analysis in order to 
ascertain the chemical composition of the cement and the 
properties of the individual constituents. A number of 
established tests are available 
(26), 
a brief description of these 
methods is given here. _ 
a) Scanning Electron Microscopy 
Scanning Electron Microscopy and Energy Dispersive Analysis can 
provide qualitative indication of the presence of the various 
elements, this has been extensively used 
(42,43,67-79) 
to monitor 
microstructure development of cement paste during hydration. In 
most cases 
(67-78), 
prepared fracture surfaces of cement paste 
from the bulk hydrated sample are dried under a low pressure and 
the surface sputtered with a thin layer of gold to render them 
electrically conducting, hence avoiding the build-up of charge on 
the surface. It has been argued 
(42,43,79) 
that there will be 
some disruption of the microstructure through the drying process. 
Double et al( 
42 ) developed an environmental chamber and studied 
the hydration process continuously. The shortcomings of this 
method are the high water/cement ratios required in order to 
obtain transmission through the hydrated products surrounding the 
cement grain, and loss of clarity in the final image caused by 
the movement of the cement particles. 
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b) X-ray Diffraction 
This process yields quantitative results by relating various peak 
(areas 
obtained 
80'81ý. 
Diffracted X-rays fron the cement sample 
are detected by a proportional counter and the resultant signal 
recorded on a strip chart recorder. Each crystalline compound 
within the sample has its own particular diffraction pattern, 
which can be considered as a fingerprint of the compound; by 
identifying the numerous intermixed fingerprints on a strip chart 
of considerable length, the experienced laboratory technician can 
determine which, and approximately how much, of each chemical 
compound exists within the original sample. 
c) Flame Atomic Absorption Spectrophotometry 
In this process, a prepared solution of the material to be 
analysed is atomized in a very hot flame (2000 - 3000°F), while a 
lamp, the cathode of which is made of the element to be measured, 
emits light of specific wavelength through the flame. The light" 
absorbed by the atomized element is then measured, providing a 
reading that is directly proportional to the concentration of the 
. element in the original solution26) 
( 
d) Solubility Test 
C3S and C2S are both soluble in a blend of salicylic acid and 
methanol; C3A is soluble in a solution of cane sugar and C4 AF is 
insoluble in either solution. From this information, and using 
standard laboratory apparatus, the percentages of various phases 
can be determined by carrying out a series of filtrations. 
The physical properties of cement powder are directly related to 
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its particle size or fineness. 
measuring fineness is the Blaine 
permeability through cement powder i 
to a value of specific surface 
centimetres per gram of cement. 
The standard equipment f or 
Permeameter(26); the air 
s measured and then converted 
area, expressed in square 
3.2.2 Testing of Liquid Cement 
The hydration of cement is an exothermic reaction, and hence 
energy is evolved in the form of heat. Conduction calorimetry 
has been used to study the hydration of cement for some time. 
Much of the early work was carried out by Tian 
(82) 
and 
Carlson 
(27,83), 
others 
(28-30,84,85) 
have modified and developed 
apparatus (conduction calorimeter) to deal with not only the 
total heat of hydration over a few days 
(27,, 82,83) but to 
estimate the instantaneous rate of heat liberation at any 
particular time. Through detailed measurements of the heat 
evolution, chemical properties of "cement are related to its 
physical performance. 
3.2.3 Testing of Hardened Cement- 
The chemical analysis of set cement samples can be performed 
using X-ray diffraction methods, however, as yet, no standard 
test method has been defined and accepted. In general, it is 
difficult to quantitatively estimate the new canpounds that are 
formed during the process of cement hydration (e. g. calcium- 
silicate-hydrate gel or sulphoaluminate-silicate-gel), because 
their chemical composition and nature are altered upon the 
environmental conditions to which they are subjected. The 
investigation of the physical properties of a set cement can 
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involve any one, or a combination of, the following tests: 
a) Compressive strength. 
b) Setting time. 
c) Bonding strength.. 
d) Expansion. 
e) Pore size distribution. 
f) Permeability. 
Amongst the tests mentioned above, compressive strength and 
setting time are the 'most commonly used. The former is simply 
the measurement of the force needed to crush a sample of defined 
geometry under unrestrained uniaxial compression. The latter 
relates to the time taken for wet cement, in static state, to 
reach a conventional cohesive strength. The traditional methods 
are Gillmore and Vicat needles, in which measurements are made 
" 
according to the penetration into the sample of wet cement by a 
needle of specific weight and cross-sectional area. There are 
other methods in existence such as the use of acoustic and 
ultrasonic wave propagation (used mainly by various oil 
companies 
(86)). 
These techniques are still in the early stages 
of commercialisation and are not yet in common use, however, it 
seems likely that they will in the future be used to further 
supplement the standard tests. 
3.3 TEE ELECTRICAL METHOD 
Previous studies on the a. c. electrical properties of cement and 
concrete 
(87-94) has concentrated on the changes in the electrical 
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resistivity of prisms in the hardened state (i. e. after 24 hours) 
to periods in excess of 200 days. Early research 
(96-101) 
on 
electrical methods used by the oil industry to determine soil 
fabric and properties of oil-bearing rocks has been beneficial to 
researchers working on the electrical response characteristics of 
cement and concrete. 
The variation in electrical resistance has been monitored and in 
most cases 
(87-89) 
attempts were made to relate these changes to 
the physical characteristics and state of the specimen. Little 
effort was made to relate changes in electrical resistance with 
chemical processes of setting and hardening. More recently,, 
attention has been drawn to the use of the electrical resistivity 
characteristics of cement paste as a technique for measuring the 
degree of hydration, and hence hardening and strength of the 
paste 
(91-94), however, the studies only covered the resistivity 
measurements of hardened specimens. Some early work(102-104) was 
undertaken to obtain information on the changes in electrical 
resistance during the first 24-hours of the setting process in 
cement paste, 'however, specimens of differing sizes, differing 
electrode conf igurations, measuring techniques, and test 
conditions together with a general lack of data points makes the 
results presented vary within wide limits. 
The previous work outlined above has used a resistive model for 
cement paste, mortar and concrete with aggregate and cement paste 
represented by a parallel combination of resistive elements. It 
is said that this model is more applicable to relatively mature 
specimens. Cement paste, mortar or concrete can be more 
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accurately modelled using an electrical network consisting of a 
capacitive element, C, and a resistive element, R. Such a model 
was introduced relatively recently 
(105-112), however, the 
research concentrated on the hardened state. 
The electrical model used in the present study(113-117) to 
represent the macroscopic response of a colloidal dispersion such 
as cement paste, is a modification of a model developed by 
McCarter 
(109), it includes a capacitive element, C, in parallel 
with the resistive element, R, (Figure 3.1). This study 
concentrates on the electrical response changes of cement paste 
and mortar specimens over the initial 24-hours after gauging. It 
is during this period that, as a result of chemical reactions 
taking place, the paste changes fr an a fluid to a solid. 
Electrical response of cement paste to the application of an 
alternating electrical field can be measured in terms of 
resistance, R, and capacitance, C; the measurements can be taken 
irrespective of whether the system chosen is a parallel 
combination of resistance and capacitance, Figure 3.1; a series 
combination of resistance and capacitance, Figure 3.2; or a 
combination of both, Figure 3.3, provided the applied potential 
and therefore the subsequent current is sinusoidal. 
The values of capacitance, C, and resistance, R, are converted to 
more meaningful electrical parameters, dielectric constant c, and 
electrical resistivity, p, these parameters account for the 
geanetry of the specimen using the following relationships: 
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eý C 
0 
p RA 
L ohm-m 
where, L= length of specimen in metres 
.. (3.1) 
.. (3.2) 
A cross-sectional are of the specimen in m2 
(assumed uniform) 
Co = the capacitance of the system when vacuum 
occupies the space between the electrodes (in 
Farads). 
It should be emphasised that the values of capacitance and 
resistance depend upon the size and shape of the specimen, 
whereas, the dielectric constant and resistivity values are 
constants for the particular material and independent of shape 
and size of the specimen, therefore, the values of these 
parameters could be compared for various materials. 
Loss angle, tan d, is another electrical term used in measuring 
the combined effects of dielectric polarization and electrical 
conduction, and is defined numerically as 
tan d=1 
2 Ir f RC .. (3.3) 
where f is the frequency of the applied field and is the ratio of 
the current flowing through the resistive element to the current 
flowing through the capacitive element. 
3.3.1 Polarization 
The structure and composition of the material has a direct effect 
on the values of the above measured electrical parameters. In a 
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fine grained material, such as cement, there will be a 
concentration of electrical charges adjacent to the surface of 
the individual particles. The amount of charge and the strength 
by which it is held to the particle depends on such factors as 
particle surface texture, the number of unsatisfied surface 
bonding sites, and the net electrical charge on the particle 
itself. When an alternating electrical field is, applied, the 
charges next to the particle surface tend to oscillate back and 
forth with a certain amplitude. The amplitude of oscillation 
will vary with such factors as: 
" a) the type of charge, 
b) the degree of association of the charge with the particle 
surf ace, 
C) particle orientation, 
d) temperature of the system, and, 
e) strength and frequency of the electrical field. 
The oscillation, or movement, of charges in an electrical field 
(without conduction) is called polarization. The magnitude of 
the oscillation of charges in a material is measured as a 
polarization current. The number of charges per unit volume 
multiplied by the average displacement is the polarizability of 
the medium. The magnitude of the polarizability of a material is 
reflected by the value of capacitance, C, and hence the 
dielectric constant, r-. 
Some charges, usually in the form of ions in solution, which are 
not bound to particle surfaces, are free to drift through the 
solution and discharge at the electrodes. This produces a 
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conduction effect that is reflected by the resistance, R, and 
hence resistivity, P. 
3.2.2 Types of Polarization 
The polarization (on a microscopic scale) produced by an 
alternating electrical field in a cement which includes both 
bound and unbound charges can be classified under the following 
headings: (100,109-111) 
a) Rotation of dipoles and polar molecules in sympathy with the 
applied *electrical field, Figure 3.4(a). When an 
alternating field is applied, asymmetric (polar) molecules 
having a permanent dipole moment become preferentially 
orientated in the direction of the applied electrical 
field (118-120) (dipole polarization). 
b) Accumulation or the build-up of charges (ions) at the 
interface of the particles and crystal boundaries. Figure 
3.4(b), and inhamogeneities due to differences in the 
properties forming the system(121,122) (Maxw ell-Wagner 
effect). 
C) Induced polarization in the field direction because of (i) 
displacement of ions from their zero field equilibrium 
positions 
(123) (atomic polarization), Figure 3.4(c); (ii) 
displacement of double-layer charges adjacent to particle 
surfaces 
(124,125)(double-layer 
polarization), Figure 3.4(d). 
d) Displacement of electron clouds relative to an atomic 
nucleus in an applied field 
(126) 
(electronic polarization), 
Figure 3.4(c). 
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The frequency of the applied electrical field has a significant 
influence on the polarization mechanism, this is reflected by the 
value of capacitance, C, and hence the dielectric constant, e. 
Resistance, R, and hence resistivity, p, is not as sensitive to 
frequency changes. However, in general, resistivity decreases 
with increase in frequency. If changes in the values of the 
dielectric constant, e, and conductivity, a, (the reciprocal of 
resistivity) are monitored over a spectrum of frequencies, then, 
as the frequency increases, the conductivity, a, Figure 3.5, 
increases and the dielectric constant, c, decreases. 
3.3.3 Representation of Polarization Data 
Because of the possibility of a phase lag developing between the 
applied f ield and the instantaneous polarization, the complex 
dielectric constant is expressed in terms of real and imaginary 
parts c' and e' respectively, where by Debye' s(118) equation, the 
dielectric constant, c, is, 
e e' -j e' .. (3.4) 
where e' is the real part (dielectric polarization), and, 
e' is the imaginary part (or the dielectric loss). 
The imaginary part of the dielectric constant, c ', is a measure 
of both the energy dissipated by the motion of the charges and 
ionic conduction processes in the applied electrical field and is 
related to the conductivity; 
Err _ 
SAC 
- 
aDC 
2 7rf c .. (3.5) 
60. 
where 
aAC 
= the conductivity at a particular frequency, 
0DC 
= the low-frequency or DC conductivity, 
Ev 
= the absolute dielectric constant of a vacuum, 
8.854 x 10-12 farads/m, 
f- frequency of the applied electrical field (Hz). 
The energy dissipation represents a dielectric loss. The real 
part of the complex dielectric constant, re ', decreases with 
increase in frequency, the drop in dielectric constant with 
increasing frequency is termed the dielectric dispersion, Figure 
3.6(a). The region AB is referred as the region of dielectric 
dispersion. In the region of normal dispersion, c', is small, 
whereas in the region of dielectric dispersion it rapidly 
increases to a maximum and then decreases , Figure 3.6(b). The 
maximum value of c' occurs at a frequency which is termed the 
characteristic frequency, f0. 
For a given material, there may be several regions of dielectric 
dispersion over a spectrum of frequencies as shown in Figure 3.7, 
and are indicated by regions a, b, and c. At low frequencies, 
there may be adequate time available for several polarization 
mechanisms to contribute to the dielectric constant, however, as 
the frequency increases, the time available for charge distortion 
during any single current alteration decreases and may not be 
sufficient for one or more of the polarization mechanisms to 
operate. Different polarization mechanisms may cease to be 
effective at different frequency ranges, thus accounting for 
curves in Figure 3.7. 
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Mitchell(100) has used the features in the dielectric dispersion 
and conductivity dispersion curves in characterising the 
structure state of the material. 
a) The dielectric constant at low-frequency, C o', 
Figure 
3.6(a), is a measure of the amount of polarization that can 
develop when a relatively long time is available. It 
therefore reflects the number of bound charges and the 
maximum amplitude of their displacement in an electric 
field. 
b) The value of Aeo' reflects the magnitude of polarization 
that can develop only in the low-frequency range and, 
therefore, is a measure of the mechanisms requiring 
relatively long times for oscillation, such as the 
displacement of double-layer charges adjacent to particle 
surfhces. 
C) The extent of polarization that can develop due to 
mechanisms requiring relatively short times is measured by 
e' -De'. 00 
d) The characteristic frequency, f0, measures the average time 
required for a particular polarization process. The 
characteristic frequency is the measure of the distance the 
charges can move, the ease of movement and the size of 
charges. The more easily charges can follow the electrical 
field alternation, the higher the characteristic frequency 
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e) The DC conductivity of the material, aDC, measures the 
amount of free charge and the ease with which it can pass 
through the material. 
3.3.4 Polarization in Cement Paste 
The electrical dispersion characteristics of cement paste can be 
related to its micro-structure by the use of a simple electrical 
model. 
The micro-structure of cement gel may be considered as being 
composed of several main components 
(5) 
at any particular time: ' 
a) grain particles surrounded ' by an ion atmosphere 
(double-layer) which are assumed to behave as integral 
units, 
b) segmented grains, 
c) solid particles in contact with each other, 
d) continuous and discontinuous pores filled with water, 
e) gel pores. 
When a voltage is applied to a cement paste matrix, current is 
considered to be conducted along three paths: 
1) through solution and conducting particles, 
2) through particles in contact with each other, 
3) through the solution in the continuous interstitial path. 
Nikkannen(127) has suggested that conduction through moist 
concrete is essentially electrolytic in nature and tests by 
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Hammond and Robson 
(128) 
support the view that conduction is by 
means of the available ions in the evaporable water within the 
cement paste. The principal ions being Ca+, Na+, OH and SO4 
2- 
9 
The simplified electrical model, Figure 3.1, used in this study 
treats cement paste as a lossy dielectric, where conductive 
mechanisms are accounted for by a resistive element set in 
parallel with a capacitor to account for the various polarization 
mechanisms. However, the more precise model will account 
individually for each conductive path and represent them by a 
network consisting of a resistor and capacitor arranged in 
parallel or serial configuration. 
The main polarization mechanisms operative within cement paste 
are: 
a) Double-layer 
(124,125) 
or colloidal layer polarization, in 
which charges adjacent to grain surfaces can be displaced, 
thereby inducing a large effective dipole moment,, Figure 
3.4(d). 
b) Interfacial polarization or Maxwel-Wagner 
(121,122) 
effects, 
which results in an accumulation or build-up of charges at 
crystal boundary interfaces, Figure 3.4(b). 
The total sum of all the polarization mechanisms is 
reflected by the value of the capacitance, C, and hence the 
dielectric constant, e. It is evident that the values of 
dielectric constant and electrical resistivity will be 
dependent upon: 
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i) Changes in the physical state of the water and the 
ionic concentrations within the gauging water. 
ii) The ease with which dipoles and polar molecules can be 
polarized within the paste. 
iii) The degree of association of charges with grain 
surfaces and the temperature of the system. 
Therefore, since definite chemical and structural changes 
occur within the cement paste, then these should be 
reflected by changes in the measured electrical. parameters. 
3.4 SUMMARY 
-A brief outline has been given of the present and the 
developing techniques for monitoring changes in, and 
assessment of, the properties of cement paste, mortar and 
concrete. 
- The electrical method has been introduced as a developing 
technique in monitoring cement hydration. A modified 
electrical model has been presented; unlike previous 
models, it includes a capacitive element as well as a 
resistive one. The capacitive element accounts for the 
polarization that can develop within the paste. The 
advantages and the full implications of the use of this 
electrical method are detailed later. 
I 
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FIGURE 3.5 CONDUCTIVITY AS A-FUNCTION OF ANGULAR 
FREQUENCY, DEBYE(67) 
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EXPERIMENTAL DESIGN AND DATA ACQUISITION 
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4.1 INTRODUCTION 
The experimental programme was developed on two fronts; 
quantitative information on the progress of hydration was 
obtained by monitoring the electrical response characteristics of 
cement paste, and qualitative information on the morphology of 
hydrate development and topography of grain surfaces was obtained 
by scanning electron microscopy. 
Pilot studies that were carried out to validate the effectiveness 
of using the electrical response characteristics of cement paste 
as a means of monitoring the hydration processes, revealed the 
need for the development of a microcomputer system for 
experimental control, data acquisition retrieval and analysis. 
In order to monitor the changes in electrical parameters, 
measurements had to be taken at frequent time intervals during 
the test period. The variables to be measured were; the 
electrical resistance (R), capacitance (C) and the specimen's 
internal temperature at predetermined time intervals. Therefore, 
the requirements for such a system were: 
a) to monitor the experiment and control the various 
peripherals which comprise the system over a period of 
24-hours or more. 
b) to initiate a reading cycle, under clock control, and log, 
process and store the incoming data. 
C) to process and store data from each experiment which had to 
be easily accessible for analysis and plotting purposes. 
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The test duration was to be 24 hours, hence, with the interval of 
300 seconds between each cycle, approximately 340 reading cycles 
were triggered. The data recorded comprised: 
a) the time the reading cycle was triggered after the start of 
the experiment, 
b) the internal temperature of the specimen, 
C) the electrical resistance at various frequencies, 
d) the capacitance at various frequencies. 
In order to meet these requirements, a microcomputer control 
system was developed. 
4.2 INSTRUMENTATION 
Details of the electrical parameters measured are given in the 
previous chapter. Plate 4.1 shows an overall view of the 
instrumentation and a schematic diagram of the system 
architecture is shown in Figure 4.1, with arrows indicating the 
flaw of information. 
"A 
Wayne Kerr 6425 multi-bridge(129) was 
used to measure the parallel resistance and capacitance for the 
electrical model 
(109,116) 
over an extended frequency spectrum. 
The bridge was fitted with IEEE bus interface; this is a 
parallel bus system permitting a number of different instruments 
and peripheral devices to be operated by a common controller. 
Fitted with the IEEE interface, the instruments can be operated 
as a basic talker/listener and can output data onto a common bus, 
as well as being fully controlled from the bus. 
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A Hewlett Packard HP3456A digital voltmeter 
(130) 
was used in 
conjunction with a compatible thermistor to measure internal 
temperature changes within the specimens. The HP3456A is also 
equipped with an IEEE interface bus which will enable it to be 
controlled remotely with full handshake capability. 
The controller employed to manage the overall running of the 
experiment, control of individual peripherals, process and store 
the incoming data, was a Hewlett Packard HP9836U modular 
computer 
(131) fitted with integral flexible disc drives and CRT 
display. A Hewlett Packard interface bus HP-x(132) was used to 
interface all peripherals. The interface bus provides for 
messages in digital form to be transferred between two or more 
HP-lB compatible devices. 
In the initial stages of the research programme, pilot studies 
were carried out using a similar system 
117) 
as that outlined 
above. A Wayne Kerr automatic precision bridge B905(133), the 
HP3456A digital voltmeter and a Hewlett Packard HP9915 modular 
computer 
(134) fitted with optional components (HP98155A keyboard, 
(RT display, HP82905B printer, Seikosha GP. 100A printer and 
HP82901M/S flexible disc drives) were the components of this 
system. In order to extend the operating frequency 
range offered by the B905 (100Hz - 10kHz) and provide extended 
storage facilities on the controller, it was up-dated to that 
presented above. The combined facility offered by the two 
systems allowed measurements to be taken at a range of 
frequencies between 20 Hz to 300 ERz at over 27 spot frequencies. 
A facility is also available to output raw data via a RS232 
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interface onto a printer. 
In order to have an independent system dealing with data 
analysis, so that the controller system could operate 
continuously, a Hewlett Packard HP-85 microcomputer was used to 
drive a Calomp model 84 X-Y eight pen plotter 
135). 
This means 
that data analysis, graph plotting and software development could 
be carried out without interruption to the controller's operation 
over the experiment. This, however, did not prevent the plotter 
being integrated into the main system, if required; indeed, 
incorporated in the modified system there is a HP 7475A graphics 
plotter. 
4.2.1 Software Development 
Programmes were developed for the controller to manage the 
running of the experiment, log and process the raw data, store 
the computed data, and finally, present the results in graphical 
form. 
Either computers and a HP-XE interface were set up as system 
controller. The first operation necessary for the HP-IB system 
is to assign a binary code number to all devices on line and 
programme them for remote operation via the bus. To prevent any 
of the system devices from being returned to local operation from 
the front panel, a lockout message is sent, e. g. 
10 REMOTE 722 
-20 LOCAL LOCKOUT 7 
The system is now set up for remote control. The next step is to 
programme each device for the desired mode of operation. This is 
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generally accomplished by means of simple output statements 
directed to the device to be programmed. A sequence of ASCII 
characters sent by the 'Output' statement to the device via the 
bus has the effect of setting the appropriate front panel 
controls on the machine: 
30 OUTPUT 722; 'NORS; PAR; SIN; C; R; FREQ30OE3' 
Once the system devices are programmed for operation, it is 
possible to address them sequentially. This is achieved using a 
trigger statement followed by the enter statement, e. g. 
40 OUTPUT 722; "TRG' 
50 ENTER 722; Al, C, R, A2 
Statement 30 addresses the peripheral (component bridge) code 
numbered 22 via interf ace selection code 7 to listen and receive 
the control codes; statement 40 triggers the peripheral to 
initiate a reading; and statement 50 sets the peripheral to 
talker mode and sends the readings to the controller. Output 
from the bridge comprises four numerical values and the storage 
location labelled Al, C, R and A2 are allocated to them. The 
relevant incoming variables are C and R (capacitance and 
resistance), the remaining two being encoded messages 
60 C(28) = 1.4138 E12*(C-3.356E-13) 
70 R(28) = R*0.098 
Statement 60 and 70 convert C and R to dielectric constant and /I/ 
electrical resistivity respectively. The address sequence for a 
complete reading cycle is shown in Figure 4.2 and a typical 
control programme is presented in Appendix 1. 
4.2.2 Data Storage and Retrieval 
Over the duration of each test, 340 reading cycles are initiated 
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with 56 pieces of data logged per reading cycle. The raw data 
generated are processed and stored on floppy discs and on a 
cassette tape in the form of a dielectric constant/time matrix 
(28 columns, 340 rows); a resistivity/time matrix (28 columns, 
340 rows) and a temperature/time matrix (2 columns, 340 rows). 
This allows easy access to the data, in particular when plotting 
graphs. If, for example, the internal cube temperature was to be 
plotted as a function of time, the controller would take the 
appropriate variables from the row and columns in the-data matrix 
and plot the resulting set of coordinates. 
Graphical representation of the processed data is presented as 
the experiment progresses on the CRT display unit of the HP9836U 
computer and a hard copy of the processed data at selected 
frequencies on a HP82905B printer. Having continuous access to 
the results, both graphically and numerically throughout the 
experiment, allows for a better understanding and appreciation of 
the on-going processes of hydration. A hard copy of the graphs 
produced on the CRT display during the experiment is dumped on to 
the printer at the end of the experiment. A sample of this 
output is given in Appendix 1. 
Customised programmes were developed to analyse the data and plot 
the results. Incorporated within the main plotting programmes 
are axis plotting, scaling and labelling subroutines. A typical 
plotting program is presented in Appendix 1. The analysis of the 
results and the plotting of graphs are carried out using an 
independent system comprising of a HP85 microcomputer linked via 
a RS232 serial interface to a Calcomp 84 plotter. Within minutes 
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of completion of an experiment, the following graphs could be 
obtained at any one of 27 frequencies: 
a) Temperature vs Time, 
b) Resistivity vs Time at any one of 27 frequencies, 
c) Dielectric constant vs Time at any one of 27 frequencies, 
d) Loss tangent vs Time at any one of 27 frequencies, and, 
c) Dielectric dispersion curve at any point in time. 
For ease of interpretation of the graphs, at each particular 
frequency, the internal temperature, resistivity and dielectric 
constant are plotted against time on the same set of axes (Figure 
4.3). The variable, time, is measured in minutes and is the 
period from when gauging water is mixed with the cement. 
Resistivity is measured in ohm-metre and dielectric constant is 
dimensionless. Internal temperature of the specimen is measured 
in degrees Centigrade. 
Loss tangent, which shows the combined effects of dielectric 
polarisation and electrical conduction, can be plotted against 
time at any required frequency (e. g. 100 Hz, 1 kHz, 10 kHz) on 
the same set of axes (Figure 4.4). 
4.3 THE DIELECTRIC TEST CELL 
The cell used to contain the specimen is designed so as to 
contain 100 mm3 of cement paste, this will make the sample 
canparable to the British Standard 100mm cube. The cell was 
constructed from 12mm thick perspex, fitted with 100mm x 100mm x 
i 
3mm brass or stainless steel plates as electrodes. The 
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electrodes are attached to opposite faces of the cell as shown in 
Plate 4.2 and Figure 4.5. Electrical contact points are 
positioned at the centre of the electrode plates through the 
perspex sides. The cell is designed for easy demoulding and 
cleaning. In order to eliminate the errors introduced by field 
fringing effects around the electrodes and to account for the 
capacitance of the cell itself, the cell is calibrated at the 
test frequencies using a liquid of known dielecric constant, in 
this instance, Cycl ohexane (c-2.025 at 20°C). The total 
capacitance of the system is: 
Ce 
U 
Now, 
Ce C+ Co .. (4.1) 
CF =C+ CX .. (4.2) 
by definition, (see equation 3.1) 
CX = Co C .. (4.3) x 
Substitute for CX in equation (4.2) from equation (4.3), 
C0(CX - 1) - (CF - Ce) .. (4.4) 
Co = CF - Ce (air capacitance) .. (4.5) 
C-1 X 
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Substitute for C0 in equation (4.1) frag equation (4.5) 
Ca Ce - CF - Ce (cell capacitance) .. (4.6) 
C-1 
x 
The measured capacitance of the cell when filled with paste 
is equal to: 
Cm C+ CP .. (4.7) 
Substitute for C in equation (4.7) from equation (4.6) 
Cp- Cm- Ce+ CF- Cc .. (4.8) 
e-1 
x 
the dielectric constant of the paste is then, 
eP C, 1 
Co 
Substitute for Cp and C0 in equation (4.9) from equation (4.8) 
and (4.5) respectively, therefore, the dielectric constant ep for 
the paste is: 
"E_IC-Ce)+ 
{CF 
- 
/{eF 
- le} 
.. (4.10) 
pm ex x 
where C- cell capacitance in farads, 
Ce = cell and air capacitance in farads, 
C0 = air capacitance in farads, 
CF = cell and Cyclohexane capacitance in farads, 
CX = Cyclohexane capacitance in farads, 
Cp = paste capacitance in farads, 
Cm = cell and paste capacitance in farads, 
cX = dielectric constant of Cyclohexane, 
c= dielectric constant of the cement paste. 
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4.4 MATERIALS USED 
4.4.1 Cement 
Four types of cement were used: 
a) Ordinary Portland Cement (OPC) 
b) Rapid Hardening Portland Cement (RHPC) 
c) Sulphate Resisting Portland Cement (SRPC) 
d) High-Alumina Cement (HAC) 
The cements used were supplied by the local merchants in 50kg 
standard bags unless otherwise stated. During the period in use, 
the bags of cement were stored in airtight containers to limit 
moisture absorption. 
Typical chemical composition of the cements used are given in 
Table 4.1, showing their oxide composition. 
4.4.2 Water 
Tap water and distilled water were used with a temperature of 
19°C + 2°C. The tap water used had an electrical resistivity 
=100 ohm-m and dielectric constant =80. 
4.4.3 Sand 
Zone 3 grading, building sand was used, with grading limit shown 
in Figure 4.6. The sand was oven dried prior to use. 
4.4.4 Admixtures 
Calcium chloride (CaC12), Calcium sulphate (CaSO4), and table 
sugar were used, all in granular f orm, and added to the mixing 
so. 
water (by percentage weight of cement) before gauging. 
Water-cement ratios for the mixes were varied between 0.27 and 0.5 
by weight (water-cement ratio of 0.27 produces a paste of 
standard consistency to BS 4550: Part 3: Section 3.5: 1978 
'Methods of Testing Cement' 
(136) ). In the case of mortar 
samples, sand-cement ratio was varied from 0.1: 1 to 3: 1 and 
water-cement ratio was varied between 0.35 and 0.6 by weight. 
4.5 EXPERIMENTAL PROCEDURE 
4.5.1 Electrical Test 
The test period of all experiments was confined to the hydration 
over the initial 24-hours of ter gauging with water as it is 
during this time when the viscosity of the paste decreases as it 
changes from a fluid to a solid. All samples were placed in the 
confines of a humidity cabinet to maintain constant ambient air 
conditions (20°C + 2°C and relative humidity of 80%). The 
laboratory also had constant ambient air conditions. The 
specimens were made from single batches of cement to minimise the 
effects of variability in materials. 
The ingredients for the mix were weighed out to the appropriate 
percentages by weight, the cement and sand (when used) were 
placed in a mixing bowl and pre-mixed using a Hobart planetary 
Motion Rotary Mixer bef ore gauging water was added. The 
admixture (if used) was dissolved in the gauging water before 
mixing. Mixing time was kept constant at 2 minutes for all 
experiments, the paste was placed in the dielectric cell and was 
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vibration compacted, using a table vibrator, in three, 
approximately equal, layers. The surface of the specimen was 
then trowelled smooth and levelled with the top of the cell. Two 
dielectric cells were prepared in this way and placed in the 
humidit'y cabinet (Plate 4.1), one cell was connected to the 
precision bridge to measure the in-phase component (resistance, 
R) and the quadrature component (capacitance, C) of the 
electrical impedance. Care was taken to earth the metal rods 
holding the cell together in order to minimise. inductance 
effects. The humidity cabinet was also connected to a common 
earth to prevent earth loops. The inductance and capacitance 
associated with the connecting leads were also trimmed off the 
incoming data using a trim facility on the instrument. The other 
cell was used to measure internal temperature variations within 
the paste, this was achieved by placing a thermistor (Fenwal 
Electronics 0837-0164) connected to the HP3456A digital 
voltmeter, in the centre of the paste within the cell. 
Appropriate information relating to the particular experiment is 
entered into the canputer to label the data, cement type, time 
etc. The experiment is then started, and readings of resistance 
(R) and capacitance (C) are taken through the component bridge at 
27 frequencies and the temperature through the voltmeter. 
The raw data from the bridge is processed by the controller. 
This, and the print-out of the processed data, plus the 
continually updated graphs being plotted, on the EP9836U 
computer's CRT display, enables the operator (or the controller) 
to take operational decisions during the experiment. On 
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completion of the experiment, the data is transferred onto tape 
and used on HP85 to display digital data in graphical form. 
The cells are demoulded, the cubes are marked for later 
identification and immediately submerged in a tank of clean water 
maintained at a temperature of 20°C + 2°C. The cubes were tested 
at 28 days using a Denison cube crusher to determine their 
compressive strength. In parallel with the electrical 
experiments, physical and chemical tests were performed on the 
matrix and its components to establish their characteristics and 
elemental constituents. 
a) Vicat Needle tests were carried out to BS 4450: Part 3: 
Section 3.5: 1978 to determine the consistency of the 
cement paste, times at which the conventional 'initial set' 
and 'final set' took place were noted. 
b) To determine the gain in strength for the cement paste, an 
EL25-220 series multi-speed drive, triaxial load frame 
(Plate 4.3) was adapted to measure the crushing strength of 
the cement paste during the first 24 hours of hydration. 
50mm cubes were cast using cast iron three gang moulds 
(Plate 4.4) to BS 4550. The cubes were carefully demoulded 
at appropriate time intervals during the 24 hour test period 
and were tested using the load frame at a constant load rate 
to BS 1881, Part 4, Section 2.2.3 and BS 4550. A minimum of 
10 tests were carried out at each time increment and the 
results are presented in graphical form as strength (N/mm2) 
versus time (minutes). 
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4.5.2 Scanning Electron' Microscopy 
A Cambridge Stereoscan model 250 MK2 scanning electron 
microscope, with maximum accelerating voltage of 40KV and 
ultimate resolution of 4.5nm (Plate 4.5), was used to examine 
samples of cement paste137) . 
( 
A resolution of the Stereoscan is about 200 A°(2 x 10-8m), which 
is, approximately a factor of 1OX better than the best optical 
microscope. A useful range of magnification lies between 20X and 
30,000X with a depth of f ield that is at least 300X better than 
an optical instrument. The instrument requires a vacuum of at 
least 10-4 mm. of mercury for it to operate, and this is 
accomplished by means of two diffusion and one rotary pump. The 
scanned area can be varied between 5mm to 1 li m square and 
photographic records of the image are produced using a 35mm 
camera mounted on a cathode ray tube. 
Small fracture surfaces (approximately 5mm diameter, 5mm thick) 
of cement paste taken from the bulk hydrating sample at 
appropriate times during the f irst 24-hours of hydration were, 
mounted onto an aluminium stub holder (Plate 4.6) with a suitable 
adhesive. The specimen had to be evacuated under a law pressure 
and the surf ace sputtered by vacuum deposition with a thin layer 
of gold (approximately 500 Ao thick) to render it electrically 
conducting (so as to neglect build-up of charge on the surface 
due to the electron beam). The stub containing the specimen is 
then placed in the microscope's chamber and photographic records 
are taken of the hydrate development on the cement grain surface. 
Typical sample photographs are presented in the following 
chapters. 
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4.6 CONCLUDING REMARKS 
In adhering to the design requirements of the experimental 
programme, an automated microcomputer system was developed, with 
custanised software to manage the overall running of the 
experiment and the processing and logging of data. The system 
requires minimum input from the operator, minimises the data 
acquisition time and delay time between experiments, and 
maximises the freedom of manipulating the data to reach a 
conclusion. Moreover, although the system has been designed to 
cater for the specific requirements of this research programme, 
there is no reason why the system could not be adapted and the 
software modified to match other requirements. 
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CHAPTER 5 
EXPERIMENTAL RESULTS AND DISQJSSION 
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5.1 INTRODUCTION 
Although cement is one of the most important building materials, 
and in spite of the amount of research carried out on the subject 
worldwide, disagreement and uncertainty remains as to the precise 
nature of the chemical processes involved in cement hydration and 
the effect of these processes on its engineering properties. 
Over the last f our decades, with the introduction of modern 
instruments and techniques (e. g. SEM, TEM, . and 
X-ray 
diffraction), our knowledge of the hydration processes has grown 
considerably, but a universally accepted view of hydration still 
awaits formulation. 
The results of the experimental studies described and discussed 
in this chapter are intended to demonstrate how,, for example, 
chemical ccmposition; age of cement; introduction of admixtures, 
and environmental conditions affect the electrical response 
characteristics of cement paste. The observations are 
interpreted in terms of electrical conduction and polarization 
mechanisms, however, the primary objective is to demonstrate that 
the hydration mechanisms of cement paste can be effectively 
monitored by its response to an alternating electrical field. 
5.2 PRESENTATION 
An extensive experimental programme was carried out using the 
experimental system and equipment described, and as explained in 
the previous chapter. Results from the experimental programme 
have been presented, 
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a) to introduce a new method for continuously monitoring cement 
hydration without disruption to the microstructure; 
b) to demonstrate the use of electrical response techniques of 
cement paste for elucidating hydration mechanisms; 
C) to demonstrate and assess the influence of chemical 
composition, mix properties and admixtures on the electrical 
response and hence hydration characteristics. 
It is also shown that tentative links can be made between crystal 
growth and development within cement paste and electrical 
response. Cross-correlation of electrical response data with 
results f roan conduction calorimetry(31,33-39,43) and SEM work is 
used to corroborate findings. 
The electrical response graphs and SEM micrographs presented here 
are typical fron over 300 tests. Each curve represents over 300 
data points taken over 24-hours duration. 
5.3 DISCUSSION OF RESULTS 
5.3.1 Electrical Response 
The in-phase (resistance) and quadrature (capacitance) components 
of the admittance, and the internal temperature, were measured 
over the initial 24-hours of hydration at predetermined time 
intervals (every 300 seconds). The raw values of resistance and 
capacitance were converted to resistivity, dielectric constant 
and loss angle using the equations in Chapter 4. Their variation 
is presented here in graphical form. 
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5.3.1.1 Variation in resistivity, dielectric constant 
and temperature with time 
The changes in resistivity, p, and dielectric constant, E, are 
plotted as a function of time and frequency and the internal 
temperature changes, have been plotted on the same axis for 
comparative purposes. A representative graph is shown in Figure 
5.1 (a)-(g). 
A general feature of the electrical response curves over the test 
period is the considerable drop in the dielectric constant value 
and the rise in resistivity value, which, in broad terms, can be 
attributed to an irrotational binding of charges as the viscosity 
of the paste decreases. Within minutes after gauging as a 
result of the initial dissolution of the surface of the grains 
and the subsequent release of silica (Si02, Si04 
4, 
HSiO4 
3-), 
Ca2+, OH and other minor ions into the bulk aqueous phase 
(Figure 5.2(b)), an amorphous, gel membrane of calcium-silicate 
hydrate (C-S-H) forms around and close to the surface of the 
grain (Figure 5.2(c)). This semi-permeable C-S-H membrane allows 
water from the bulk aqueous phase to penetrate through and 
dissolve the unhydrated core further, releasing additional ions 
into the restricted space within the C-S-H shell. The larger 
sterically hindered hydrosilicate ions are denied passage through 
the thickening gel membrane; the smaller Ca2+ and OH ions pass 
through the membrane while others are held back by the negatively 
charged silica rich grain surface. Associated with the 
unhydrated cement core, the silica rich surface layer and gel 
membrane, there will exist an electrical double layer comprising 
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Ca 
2+ 
and OH ions which will be physically separated from the 
grain by a gel membrane. 
It is evident that charges present within the system during the 
early stages of hydration have varying degrees of mobility: 
1. mobile unbound charges in the bulk aqueous phase, 
2. electrostatically bound charges of varying mobility 
associated with the: 
a) diffuse double layer, 
b) gel membrane, 
c) silica rich grain surface layer. 
The electrical response of the matrix is directly related to the 
mobility of charges within the system. The mobile unbound 
charges within the bulk aqueous phase, outwith the grain and 
surrounding double layer, will give rise to ionic conduction on 
application of an electrical field and will be reflected in the 
resistivity values. Electrostatically bound charges, while not 
available for conduction, can be polarized by the applied 
alternating electrical f ield to induce large dipole moments, 
giving high dielectric constant values(123,124). The mobility of 
the electrostatically bound charges (Figure 5.2(c)) varies, 
depending on their position in relation to the unhydrated cement 
core. During early hydration, the degree of 
association/attraction of charges on the grain varies as the 
inverse square of the distance from the surface of the grain. 
Since the mobility of charges within the membrane shell are 
restricted by the confined space and large electrostatic forces, 
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those charges outwith the protective membrane and further away 
from the core are more easily polarized by the alternating field, 
particularly as the frequency of the applied electrical field 
increases. 
On gauging, the resistivity of the paste attains a relatively low 
value (compared with that of the original mixing water) and 
continues to decrease during the initial 40 minutes by around 2% 
of its original value (this feature is obscured by scale) which 
would indicate that ions are continually passing into solution as 
the grains dissolve. The formation of a gel membrane will slaw, 
and hinder, the passage of ions into solution; f ollowing the 
initial drop over the first 40 minutes, the resistivity begins to 
increase albeit very gradually, indeed by = 180 minutes it is 
increased by only 8% of its initial value, indicating a 
combination of : 
a) a reduction in ionic concentration within the. continuous 
aqueous phase, and, 
b) slow build-up of gel and some initial contact between 
grains. 
The formation of the gel membrane is also marked by the variation 
in the dielectric constant curve (the value of the dielectric 
constant at any time and frequency reflects the sum of all the 
polarization mechanisms operating in the system at that 
frequency). On gauging, the dielectric constant value represents 
the polarization of all electrostatically bound charges 
associated with the grain, the dielectric constant value 
increases at all frequencies over the initial 40 minutes (Figure 
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5.1(a)-(g), indicating the dissolution of grains and release of 
ions into the double layer and the build-up of gel. The peak at 
40 minutes, coinciding with the minimum value of resistivity, 
marks the formation of C-S-H gel membrane and double layer around 
the grain and the onset of a period of reduced chemical activity 
as inferred from the rate of change of electrical parameters 
which are indicative of the rate at which reactions are 
progressing. 
The suggested mechanisms governing the induction period and its 
termination are presently the subject of much discussion, and are 
centred around two main theories. The first attributes the 
induction period to delayed nucleation of CH and/or C-S-H(45)ß 
the period ending when nucleation commences. In the second 
theory, the induction period commences with the formation of a 
protective surface layer on the cement grains and ends when the 
. As will be 
(layer is ruptured due to osmotic pressures42j 
explained, the electrical response results would tend to favour 
the protective membrane theory, however, the belief is that a 
combination of both theories is responsible for the onset and 
termination of the induction period. 
Figure 5.3 shows the dissolution of the grain and the formation 
of the protective membrane. During the induction period, water 
penetrates the semi-permeable C-S-H gel membrane and dissolves 
the unhydrated cement core from within, the majority of the 
released Ca2+ and HSiO4 ions remain within the shell formed 
around the cement grain by the C-S-H membrane (Figure 5.3(c)). 
At low frequencies (up to =10 kHz), the charges within the 
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protective membrane can follow the alternation of the electrical 
field and can thus be polarized, therefore there is an increase 
in the dielectric constant value over the period (40-180 
minutes), Figure 5.1(a)-(d)). 
The continuous release of ions into the confined space within the 
shell would: 
a) give rise to osmotic pressure caused by the increase in the 
silica ion concentration within the gel and close to the 
grain surface, and 
b) supersaturation of Ca2+ and HS1O4 ions within the shell. 
A combination of sufficient generation of osmotic pressure and 
precipitation of C-S-H 'inner product' 
(51) 
within the shell 
(whose volume exceeds that of the dissolved anhydrous material) 
weakens and finally ruptures the protective membrane, either by 
heat and/or mechanical stresses associated with the formation of 
C-S-H (Figure 5.3(d)). Once the protective membrane is ruptured, 
more water will reach the unhydrated core and releases Cat+, CFI- 
and HS1O4 ions, this renewed activity is marked by the sudden 
rise in the value of the dielectric constant (= 180 minutes). 
From the frequency range considered, it was found that this peak 
is more prominent over the range 80 Hz - 60 kHz (Figure 
5.1(a)-(e)). The charges associated with this renewed activity 
are held within the protective membrane and the immediate 
vicinity outwith the gel, and can only be polarized at relatively 
low frequencies. If these charges were released into the bulk 
aqueous phase, they would be available for ionic conduction and 
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thus the resistivity would be expected to decrease. From the 
data presented this is not the case. This event is seen as the 
termination of the induction period. 
As the released Ca2+ and HSiO4 charges squeeze out through the 
ruptured surfaces, they quickly combine with charges in the 
double layer resulting in the nucleation of C-S-H and CH (Figure 
5.3(e)). The consequence of this renewed activity is that the 
conduction paths become blocked and more tortuous. as crystals 
grow and the gel extends into the water-filled capillaries. The 
sudden drop in the dielectric constant (observed at all 
frequencies) coincides with the rise in resistivity, indicating 
an irrotational binding of charges and an increase in rigidity of 
the paste. 
Further formation of C-S-H and their conversion to more 
crystalline C-S-H hydrates would take place over the period 
180-600 minutes. During this period, the resistivity rises quite 
sharply indicating that conduction paths through capillary pores 
in the paste are becoming restricted as ionic concentration 
decreases with crystallisation and grain segmentation. There is 
an increase in temperature associated with this renewed chemical 
activity marked by the rise in the temperature/time curve which 
peaks at 350 minutes (Figure 5.1), similar temperature increases 
(31, 
have been reported33-39,43) using calorimetry techniques, 
however, the peak usually occurs at a later time (=400 minutes), 
this is the result of the high water-cement ratios used in these 
tests (=10: 1). 
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At 600 minutes, the electrical parameters undergo yet another 
change, the resistivity decreases coupled with an increase in the 
dielectric constant value (although slightly obscured by scale) 
but more noticeable at higher frequencies. This could indicate 
further activity within the paste, the slow rate of change of 
electrical parameters suggests much reduced rate of reactions 
during this period. At this point in time (600 minutes), the 
paste has gained considerable strength and the grains have 
segmented to a rigid matrix. . The renewed chemical activity must 
release charges into; 
a) the continuous capillaries, thereby reducing the electrical 
resistivity, 
b) the blocked capillary and gel pores, thereby increasing the 
dielectric constant by interfacial polarization. 
The period following 600 minutes is regarded as the beginning of 
the hardening process, the change in the value of resistivity and 
dielectric constant frag this point on are associated with, and 
indicate, renewed activity on the C3A phase, with the formation 
of ettringite (AFt) and its conversion to monosulpho-aluminate 
(Arm). During this conversion reaction, two moles of Ca2+ and 
Soo 
2- 
are formed per mole of ettringite, this could corroborate 
the work by Tamas(148) ; 
C3A + 3CSH2 + 26H - C6AS3H32 (AFt) 
C6AS3H32 (AFt) --ý C4ASH12(AFm) + 2C + 2S + 2OH 
.. (5.1) 
.. (5.2) 
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2C + 2S + 20H + 2C3A + 4H 2C4ASH12 (AF°) .. (5.3) 
The sum total of equations (5.2) and (5.3) will result in 
equation (5.4), which was discussed in Chapter 2, equation 
(2.12). 
C6AS3H32 + 2C3A + 4H 3C4ASH12 .. (5.4) 
The magnitude of the decrease in resistivity during this period 
indicates the reactivity of this phase which depends on the 
chemical condition of the matrix (i. e. the S04 
2- 
concentration). 
Fran the electrical response curve, four stages in the early 
hydration of Portland Cement have been identified, this 
corroborates previous theories of cement hydration 
(31) 
using heat 
evolution curves discussed in Chapter 2. However, the proposed 
times at which each stage commence and terminate are different. 
The various stages are marked on Figure 5.1(c). 
STAGE 1 Initial build-up of amorphous hydrates, on the grain 
surface (0-40 minutes), 
STAGE 2A dormant period of little chemical activity (40=180 
minutes) during which the protective gel membrane is 
formed and thickens, 
STAGE 3A period of renewed chemical activity and gain in 
rigidity of the paste (180=500 minutes), 
STAGE 4A reduction in the rate of chemical activity and a 
general slowing-down of reactions, renewed reaction on 
C3A phase (depending on SO4 
2- 
availability), formation 
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of ettringite and its conversion to 
monosulpho-aluminate. 
5.3.1.2 The effect of frequency of applied field on 
electrical response 
a) Dielectric Constant 
It is evident that, as the frequency increases, not only does the 
shape of the dielectric constant curve change quite markedly but 
absolute values reduce. Indeed, at any particular point in time, 
the high frequency value (300 kHz) of dielectric constant is 
almost three orders of magnitude lower than the low frequency 
(20Hz) value. The fall in dielectric constant with increasing 
frequency can best be presented by a dielectric dispersion curve 
plotted at various points in time over the frequency range 
employed. Figure 5.4(a), (b) shows dispersion and loss angle 
curves plotted at 100,200,400, and 1000 minutes after gauging. 
It is apparent that over the frequency range considered, a region 
of dielectric dispersion exists. As the rigidity of the paste 
increases, its polarizability decreases due to irrotational 
binding of charges and results in a displacement of the 
dispersion curve with time. The value of the low frequency 
dielectric constant co' (i. e. at 20 Hz) and the dielectric 
dispersion AEA- ' (i. e. eon EACH ), reflects the amount of law 
frequency polarization mechanisms that can develop. It is 
apparent that as the grains segment and the paste increases in 
rigidity, cot decreases, the slope of dispersion curve is reduced 
and, as a result, e eoI decreases. Polarization mechanism changes 
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from a predominantly double layer 
(124,125) 
(where relatively long 
time is required for bound charges to be displaced) to 
interfacial and Maxwell-Wagner( 
121,122) 
effects. The extent of 
the latter type of polarization is measured by e0'- AC 0 
', and 
decreases as the paste sets. i 
0 
The peak in the loss curve (Figure 5.4(b)) represents the 
characteristic frequency, f0, it occurs in the region of 
dielectric dispersion and measures the mobility of charges. 
Figure 5.4(b) shows that as the paste sets, the magnitude of the 
loss curve peak reduces, and indicates a loss in polarizability. 
This is the result of grain segmentation and increase in the 
rigidity of the paste. As hydration progresses the characteristic 
frequency (peak loss) shifts to a higher frequency indicating a 
change in the polarization mechanism from predominently double 
layer to interfacial effects. 
The dielectric dispersion at 1000 minutes displays a higher value 
at all frequencies than the dielectric dispersion at 400 
minutes, this is the result of the AFm-AFt conversion which 
releases charges, hence the reduction in resistivity and an 
increase in dielectric constant values (although obscured by 
scale in Figure 5.1(c). 
b) Resistivity 
The resistivity of the paste, unlike its dielectric constant, is 
not as sensitive to the change in the frequency of the applied 
electrical field over the test period. In general, 
. 
the 
resistivity value decreases with increasing frequency, this 
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feature is more noticeable after the sudden rise in resistivity 
and dielectric constant (approximately 200 minutes) when cement 
paste begins to gain rigidity. The resistivity curves in Figure 
5.1(a)-(g) demonstrate this feature. 
Water is held in hydrated cement in a variety of ways as: 
a) free water, 
b) gel water, and, 
c) chemically combined water. 
Free, unbound water held in capillary pores will contribute to 
ionic conduction processes through the cement paste during early 
hydration and could be assumed to be the primary conduction 
mechanism. The chemically combined water, forming a definite 
part of the compounds of hydration increases as more hydration 
products are formed within the capillaries, it could also be 
assumed that chemically combined water will not contribute 
significantly to conduction. Gel water, however, is held in 
varying degrees of firmness, (Figure 5.5) : 
a) adsorbed water held to the gel particles by surface forces 
(Van-der-Waals forces), 
b) interlayer water held between the Tobermorite sheets. 
As hydration progresses, the volume of hydration products (gel) 
increases and extends to fill the water-filled capillaries, 
thereby reducing the available capillary water which is 
responsible for ionic conduction. The continually increasing gel 
also adsorbs the evaporable capillary water onto its surf ace. 
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Figure 5.5 Probable structure of hydrating silicates 
(149) 
The result of this is: 
a) a reduction in the cross-sectional area for ionic conduction 
processes, and, 
b) an increase in surface ionic conduction processes by means 
of the adsorbed gel water. 
The consequence of (a) and (b) above would mean that the 
conductivity f or cement paste could be explained by a parallel 
conduction model represented by: 
106. 
Q(f) s Qdc+ a ac .. 
(5.5) 
where a (f) is the conductivity at any frequency of applied 
electrical field, 
adc is law frequency (dc) conductivity, and 
äc is the frequency dependent conductivity. 
At low frequencies, conduction is primarily ionic and therefore, 
v(f) = 
cdc (at low frequency) .. (5.6) 
However, as the frequency increases, the surface ionic 
conductivity associated with gel water will affect the overall 
measured conductivity for the paste, thus the frequency dependent 
or enhanced conductivity element can be expressed as: 
0 
ac =0 dc - a(f) .. (5.7) 
Figure 5.6(a)-(d), shows the variation in resistivity values as 
the frequency of applied electrical field increases. It is noted 
that the variation is more pronounced following the grain 
segmentation, it is also noticeable that resistivity decreases 
with increasing frequency at all water-cement ratios. The 
difference in the high frequency value and low frequency value of 
resistivity is greatest at 1 water-cement ratios. 
Summarising the low frequency electrical resistance of cement 
I/ 
paste will be dominated by ionic conduction, as the frequency of 
the applied electrical field increases, the surface ionic effects 
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will influence the overall conductivity or resistivity, 
At law water-cement ratios, the fractional volume of gel in paste 
is greater than at high water-cement ratios (i. e. the gel-space 
ratio is higher in the former case), hence the surface ionic 
conduction effects would be more significant in the case of low 
water-cement ratios. The equation (5.7) has been rearranged in 
terms of resistivity and a percentage frequency effect (PFE) term 
has been introduced to quantify the effect of enhanced conduction 
through the adsorbed gel water, thus 
PFE 
p 
dc -p ac x 100% .. (5.8) 
P dc 
where, in this case, Pdc is the resistivity at dc (law) frequency 
(20Hz) and Pac is theresistivityat ac (high) frequency (300kHz). 
The PFE term increases with time, but the effect is more 
noticeable after grain segmentation and is apparent at all water 
cement ratios (Figure 5.6). The percentage frequency effect 
could be visualised as a measure of the rate of gel development 
within the continuous capillaries. As the surface area of the 
gel increases, so does the volume of the adsorbed water to the 
gel surface and hence the cross-sectional area available for 
surface ionic conduction. This feature is noted on the PFE curves 
shown in Figure 5.6 at all water-cement ratios, the increase is 
gradual up to the peak in dielectric constant when there is a/ 
sudden increase in PFE caused by the formation of gel products 
associated with C3S hydration and a consequent dilation 
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of the gel and an increase in its surface area. The subsequent 
drop in PFE is the result of crystallization of gel products. 
Following this drop, the PFE value continues to rise gradually, 
it is noted that PFE value is higher at lower water-cement 
ratios. This is due to the increased cross-sectional area 
available for conduction through the adsorbed gel water, thus a 
higher proportion of conduction at low water-cement ratios is 
associated with surface ionic effects. A paste with a relatively 
low percentage frequency effect would thus represent a more 
'open' texture, therefore, as water-cement ratio increases, the 
structure of the paste beccmes more porous (the calculated value 
from the data presented for PFE at 0.25 water-cement ratio is 
60%, canpared to 40% for 0.35 water-cement ratio). This term  
could thus be used to give a measure of the permeability and 
rigidity of the paste. 
Strength is one of the most important engineering properties of 
concrete, and is said 
(8) to depend on: 
a) the water-cement ratio, 
b) the degree of hydration. 
However, since strength is directly related to the development of 
microstructure, and the microstructure development is a function 
of gel-space ratio, it is more appropriate to assess strength in 
terms of the degree of hydration. Therefore, PFE could thus be 
developed to give a measure of permeability, rigidity and 
strength of the paste. 
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The variation in electrical response over the test period has 
been discussed above for standard samples of cement (OPC cement 
paste with water-cement ratio of 0.27). The electrical response 
will alter with changes in: 
a) water-cement ratio, 
b) age of cement, 
c) chemical composition of cement, 
d) environmental conditions, 
and the introduction of: 
a) admixtures, 
b) aggregate. 
The effect of these variables on electrical response will now be 
discussed. 
5.3.1.3 The effect of water-cement ratio on electrical response 
Water plays an important role in the micro-structure building 
processes in cement paste during early hydration, it is 
believed 
(138) 
that the structure and behaviour of C-S-H and CH 
crystals change according to the amount of water and space 
available. There is general agreement that as water is removed 
fran the matrix, some rearrangement of the micro-structure with 
regard to C-S-H and CH crystals takes place. It has been noted 
that under sustained loads (less than those required to cause 
failure due to static fatigue) there is a strengthening 
(140 
effect 
)0 This may be attributed to an increase under 
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pressure of the Van der Waals attraction between adjacent 
crystals. The removal of water from the system may play a 
similar role, as this will also cause particles to come closer 
together. Figure 5.7 shows the effect of increasing water-cement 
ratio on the electrical parameters. Some general features are 
evident, 
a) The rate of change of the resistivity curve decreases as 
water-cement ratio increases, this indicates that as the 
water-cement ratio decreases the fractional volume of 
evaporable water and the number of continuous capillaries 
are reduced and thus conduction paths become constricted as 
hydration proceeds. 
b) The dormant period is lengthened and the peak in dielectric 
constant is delayed as the water-cement ratio is increased, 
the fractional volume of cement particles is less and they 
are more dispersed. The time taken for rupture of the 
protective coating is increased and the nucleation of CH is 
delayed. 
5.3.1.4 The effect of age of cement on electrical response 
Figure 5.1 shows the electrical response of OPC supplied fron a 
builder's merchant and it was estimated that the cement had been 
lying in storage for approximately 2 months before delivery. 
Experiments were also conducted on ex-works cement (Figure 
5.7(a)). Similarities between 'old' and 'new' cement are 
noticeable, but, perhaps, the most significant differences are: 
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a) the reduction in the length of the dormant period during 
Stage 2 (by around 100 minutes), 
b) a more significant drop in resistivity and rise in 
dielectric constant associated with Stage 4. 
The implication of (a) and (b) is that the 'new' cement hydrates 
at a much faster rate. The stored cement would have been 
prematurely hydrated by absorbing moisture from the atmosphere, 
the hydration products will form a coating on the grain surface 
which will account for the delay in hydration of C3S phases in 
Stage 2 and hence an increase in the dormant period, and the more 
gradual rate of hydration with regard C3A phase during Stage 4. 
5.3.1.5 The effect of chemical composition on electrical response 
When cements of differing chemical composition were tested, 
similarities in the response graphs to those of OPC were noted. 
Figure 5.8(a)-(c), display the variation in measured electrical 
parameters for HAC, RHPC and SRPC respectively for a frequency of 
1 kHz. 
The principal cementitious phase of high alumina cement (Ciment 
Fondu Lafarge) is monocalcium aluminate, CaO. A1203 (approximately 
78% by weight). Minor constituents comprise iron oxides (FeO and 
Fe203) and silica (Si02). The hydration of monocalcium aluminate 
(CaO. A1203) is temperature dependent(6,71139) and its hydration 
can be summarised, 
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% CaO. Al203 + 820 
<150 C --º CaO. Al203.10H20 (CAH10) .. (5.9) 
increase temperature 
15-25 °C ºA1203 + 2CaO. A1203.8H20 (C2AH8) 
increase temperature 
f 
>25° -' A1203 + 3CaO. Al2O3.6H2O(C3AH6) .. (5.11) 
At normal ambient temperatures, CAH10 and C2AH8 would be normal 
products of hydration. However, if the temperature rises above 
25°C, conversion takes place as CAH10 and C2AH8 are transformed 
to C3AH6. 
With reference to data presented in Figure 5.8(a), the absolute 
values of dielectric constant and resistivity are, respectively, 
lower and higher than those for OPC paste (Figure 5.1) at the 
same age. This would indicate an overall reduction in ionic 
concentration due to low lime content of HAC. Three peaks are 
observed on the dielectric constant curve; the first peak at 40 
minutes is associated with the gradual leaching of ions fr an the 
grains, consequently the formation of a weak aluminous hydrate 
gel on the grain surfaces reduces charge mobility, this could be 
responsible for the reduction in dielectric constant after the 
initial 40 minute period. The resistivity reaches a minimum at 
this'- ime (40 minutes) and is taken to mean that the gauging I 
water has achieved a supersaturated state. 
113. 
At 100 minutes and up to 200 minutes, the dielectric constant 
remains constant and the resistivity shows only a very gradual 
rise. This signifies an overall reduction in the reaction rates 
as a weak coating forms on the grains, temporarily preventing 
further hydration and results in a dormant period. At 
approximately 200 minutes, rupturing of the weak coating 
initiates renewed hydration of CaO. A1303 resulting in an increase 
in the polarizability of the paste and subsequent rise in 
dielectric constant. It is evident that the renewed hydration 
results in a release of charges which are associated with the 
grain surf aces and not with the bulk aqueous phase, as no 
reduction in resistivity is detected at this time, similar, in 
many respects, to OPC with the peak occurring at the same time. 
The peak dielectric constant at 260 minutes coincides with a rise 
in resistivity and an increase in internal temperature of the 
paste (which is conducive to the formation of 2CaO. A1203.8H20). 
At this point in time, the paste is increasing in rigidity. 
However, due to the exothermic nature of monocalcium aluminate 
hydration, the temperature of the mix rises considerably (1200) 
and conversion of the hydrates to 3CaO. A1203.6H20 must result. 
The peak in dielectric constant and drop in resistivity 
noticeable at maximum temperature (350 minutes) is attributed to 
a combination of C3AH6 formation and the rise in the initial 
temperature of the paste (the dielectric constant and resistivity 
being temperature dependent 
(92)). 
A certain amount of internal 
dessication must result from this rise in temperature. 
The peak and drop in dielectric constant and resistivity is 
short-lived as the paste rapidly gains rigidity, and the period 
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of hardening commences. Therefore, the curves follow the same 
trend as OPC paste, although the values of the measured 
electrical parameters are an order of magnitude lower, in the 
case of dielectric constant, and higher in the case of 
resistivity. 
Figure 5.8(b) displays the change in measured electrical 
parameters for Rapid Hardening Portland Cement (RHPC). RHPC is 
used when a rapid development of strength is required, the 
increase in the rate of gain of strength is achieved by 
increasing the C3S content and by finer grinding of the cement 
clinker. Comparing Figure 5.8(b) with Figure 5.1, it is evident 
that the peak in dielectric constant occurs approximately at the 
same time indicating a similar 'setting time'. However, certain 
differences should be noted, 
a) the absolute values for resistivity and dielectric constant 
are higher and lower respectively. Indeed, after the peak 
in dielectric constant at approximately 200 minutes, the 
resistivity rises at a faster rate indicating a rapid gain 
in strength as the cement grains segment and continuous 
capillaries become blocked by hydration products. 
b) The drop in resistivity and rise in dielectric constant 
after 500 minutes is more considerable than that for OPC, 
and could indicate an increase in chemical activity on C3A 
phase and AFt -> AFin conversion. 
Figure 5.8(c) displays the results for Sulphate-resisting 
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Portland Cement (SRPC). SRPC has a lower C3A (= 8%) and C3S 
(= 6%) content and a higher C2S (11%) content in comparison to 
OPC. The peak in dielectric constant at 200 minutes is still °' 
 evident, however, the rate at which the resistivity increases 
(after this peak) is reduced, possibly due to the reduction in 
C3A and C3S content of the cement. What is also noticeable is 
the absence of a definite Stage 4 which begins at approximately 
600 minutes, which is attributed to the reduction in the C3A 
content and An -> AFt conversion. 
tih 
A 
It is evident that different types of cement display different 
9- 
q 
electrical response characteristics. In order to highlight this 
further, a sequence of tests was carried out on blended OPC-HAC 'ýfý 
cements. Figure 5.8(d) shows the electrical response of a 9: 1 
OPC/HAC mixture, it is noted that the basic electrical response 
characteristics are similar to those of OPC and HAC, however, the 
time of the occurrence of the various peaks has been altered and, 
in this instance, the gain in rigidity has been accelerated. 
5.3.1.6 The effect of admixtures on electrical response 
The properties of cement can be conveniently modified by changing 
the proportions of the basic constituents of the cement to form 
special cements or by the addition of admixtures to the cement. 
Monitoring the electrical response offers the opportunity to 
relate physical changes to chemical reactions taking place during 
the early hydration period. The variations in resistivity and 
dielectric constant have been shown to reflect this, and hence it 
is appropriate at this stage to redefine the peak in the 
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dielectric constant following the induction period as the 'point 
of set' (cf Figure 5.1(c), 180 minutes). 
Having assumed the point in the dielectric constant curve 
associated with the 'set' of the paste, then by comparing Figure 
5.1 with Figure 5.9, it is evident that the addition of sugar to 
the mix has the effect of delaying the dielectric peak. Figure 
5.9(a) and (b) shows variation in measured electrical parameters 
when 0.02% and 0.1% sugar is added to the mix respectively; 
0.02% sugar delays setting-by 220 minutes and 0.1% sugar delays 
setting by 620 minutes. The retarding agent has the effect of 
delaying the reaction of the C3S phase (associated with the peak 
in dielectric constant) and increasing the induction period; the 
peak in dielectric constant curve is progressively delayed as the 
proportion of retarder is increased. The delay in setting is 
directly proportional to the quantity of sugar added, although it 
was found possible to kill setting by the addition of more than 
0.2%. 
The addition of calcium chloride accelerates the setting process; 
Figures 5.10(a) and (b) show the variation in measured electrical 
parameters when 1% and 2% of calcium chloride is added to the mix 
respectively; 1% calcium chloride accelerates the setting by 50 
minutes and 2% calcium chloride accelerates setting by 120 
minutes. The induction period is reduced and the reaction rates 
considerably increased. The curves are compressed compared to 
that of standard mix. If the assumption is made that the 
nucleation of CH and C-S-H is associated with setting, the 
addition of calcium chloride will increase the Ca2+ ion 
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concentration within the aqueous phase and subsequently reduce 
the time required for supersaturation of the aqueous phase and 
hence nucleation of CH and C-S-H. 
Figure 5.11 displays the results of a series of tests obtained 
by adding various percentages of retarder (sugar) and accelerator 
(calcium chloride) to the standard paste. In this figure, Ta is 
defined as the time at which the peak in dielectric constant 
occurs with admixture added; Td is defined as the time at which 
the peak in dielectric constant occurs in the datum mix; and the 
ratio Ta/Td is used to quantify the effect of the admixture on 
the setting of the paste. 
Although in this instance, only the graphs for sugar and calcium 
chloride are presented, similar graphs could be produced for 
other commonly used admixtures. These graphs can be used to 
assess the percentage of admixture required to be added to the 
standard mix to achieve a specified setting time. It is evident 
frag this figure that small percentages of calcium chloride (less 
than 0.2%) retard setting, this is in agreement with other 
investigators( '33) . ý" 
c' 
5.3.1.7 The effect of aggregate on electrical response 
The introduction of aggregate to cement paste changes its 
micro-structure and consequently the electrical response 
characteristic. An extensive series of tests were carried out to 
determine the electrical response characteristic of mortar using 
OPC at various sand-cement and water ratios. 
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Electrical current is considered to be conducted through mortar 
along three paths 
(93): 
a) through the aggregate and paste, 
b) through the aggregate particles in contact with each other, 
C) through the paste itself. 
The electrical resistivity of a typical sand is several orders of 
magnitude higher than that of mortar. This, therefore, suggests 
that a high proportion of current is being conducted through the 
paste (i. e. through the path of least resistance). 
Figure 5.12 displays the effect that the addition of various 
percentages of aggregate has on electrical response. The results 
shown are for a water-cement ratio of 0.35 (by weight) and a 
frequency of 1000 Hz. 
It is apparent that the general shape of the response curves 
remain the same, however, certain changes mainly associated with 
the microstructure variation are noticed: 
a) The addition of aggregate with a small dielectric constant 
(e. g. granite = 10, sandstone =11) in comparison to that for 
paste (= l05) will reduce the overall measured dielectric 
constant of the matrix and increase its resistivity value as 
the sand-cement ratio increases. The fractional volume of 
paste, therefore, will control the overall measured 
resistivity, dielectric constant and the conduction through 
the matrix. 
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The resistivity of cement paste and concrete has been the 
subject of recent - research(94,107,109,116,150), the 
dielectric properties of cement and concrete on the other 
hand, has not received much attention. The present work has 
dealt with the dielectric properties of cement paste and 
mortar, however, the dielectric theory of heterogeneous 
substances (e. g. mortar and concrete) is beyond the scope of 
this thesis and worthy of further research. 
Fron the above test result, it is apparent that the 
dielectric constant of mortar Cm is proportional to the - 
fractional volume of the paste (4) ; 
emap.. (5.12) 
b) The drop in the dielectric constant curve f ollcwing the peak 
at =300 minutes becomes more gradual and the peak expands. 
As the fractional volume of paste decreases (due to 
increasing aggregate content) then the overall [Ca2+] 
decreases within the aqueous phase. The consequence of 
which is: 
i) much slower rates of reaction after the peak in 
dielectric constant compared to the neat paste, and, 
ii) a more gradual crystallization of CH and C-S-H. 
ý Cýc ý 
1}lla 
5.3.2 Strength Development of Cement Paste 
One of the first physical consequences of cement hydration is its 
transformation fron plastic paste into a rigid matrix, with the 
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c3S phase being responsible for normal setting and strength 
(33 
developmentý. It is proposed that the early strength 
development which is associated with the chemical reactions 
taking place can be identified by changes in the electrical 
response. 
A series of strength tests were carried out using 50mm cubes cast 
from samples used for electrical tests, the water-cement ratio of 
the mixes was 0.27 by weight and the test procedure was that 
described in the previous chapter. The aim was to investigate 
the strength development of the paste over the initial 24-hours 
and to correlate with electrical response curves. Typical 
results have been given in Figure 5.13, by 200 minutes (the peak 
in dielectric constant) the paste has gained sufficient strength 
to be demoulded. The failure pattern when crushed resembles that 
of stiff clay (Plate 5.1(a)), at 300 minutes with much increased 
failure load, the failure pattern was 'wedge-like' (similar to 
one observed in mature concrete specimens), Plate 5.1(b) . This 
would indicate that the paste during this period (200-300 
minutes) takes on the behaviour of the solid materials however it 
must be appreciated the platen effect could influence failure  
mode. 
The strength increases rapidly over the period 300-1000 minutes, 
indeed, by the end of this period it has achieved approximately 
30% of its 28-day strength (90 N/mm2). 
5.3.3 Scanning Electron Microscopy 
Electron microscopy study of cement hydration has received 
(attention by many researchers 
32,41,143,144) 
The formation and 
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morphology of the resulting hydrates have, in the past, been 
related to the various stages of hydration marked by heat 
29'30). (evolution 
curves associated with calorimetery studies 
The following SEM micrographs were taken at appropriate points in 
time during the hydration process to investigate the morphology 
3ýf 
l 
of the hydrates on the grain surface. The times at which the 
micrographs were taken were identified from, and dictated by, the 
electrical response curve at identified (critical) stages during 
hydration. The aim was to follow the micro-structure development 
using SEM in parallel with electrical response techniques, to 
correlate the results, and compare them with other methods in 
use. Typical results are presented, taken from over 200 
micrographs. 
5.3.3.1 Portland Cement 
During storage, cement grains absorb moisture from the atmosphere 
and prematurely hydrate, this is in evidence (Plate 5.2) when 
cement grains before gauging with water are viewed under SEM. 
The small white crystals visible on the grain surface can be 
identified as CH. Some premature hydration is evident on the 
grain surface due to moisture absorption and is responsible for 
the delay in dielectric constant peak and variations in the 
measured electrical parameters (Figure 5.1(c), Figure 5.7(a)) 
when old and new cements were used. 
A polymineralic fragment of cement clinker (Plate 5.3) was taken 
at approximately = 200 minutes, at the end of Stage 2 (Figure 
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5.1(c)) and at the peak in dielectric constant value. The grain 
surface is partially coated with the amorphous C-S-H seen at the 
edge of the grain. Sarge traces of ettringite (AFt) are evident 
which would have been formed on the C3A phase during Stage 1 
(Figure 5.1(c)) of hydration; the ettringite appears as 
( 
fibrillar growths radiating from the grain surface 
146) 
. The 
dark region in the centre of the photograph is a capillary pore 
which has been evacuated of water. Examination of grain 
boundaries on this micrograph show traces of amorphous C-S-H 
hydrates and Type II C-S-H. 
Plate 5.4 was taken at 250 minutes, (following the peak in 
dielectric constant and the rise in resistivity). Close 
examination of the micrograph shows the formation of reticulated 
crystals identified as Type II C-S-H. The net-like crystals 
bridge the capillary pores between grains and hence increase the 
rigidity of the paste, this correlates with the increase in 
resistivity at this time as the conduction paths through the 
paste become tortuous due to grain segmentation and blocking of 
pores. 
Plate 5.5 taken at approximately 600 minutes shows how the 
hydration products have now assumed a definite morphology. The 
short stumpy crystals are identified as C-S-H Type I associated 
with hydration reactions during Stage 2 and 3, the relatively 
large white crystal clusters seen amongst the C-S-H are 
Portlandite (CH), this agrees with findings by Diamond 
(76) 
Ciach(74) and Taylor 
(145). 
123. 
Plate 5.6 taken at approximately 700 minutes displays a 
combination of crystals. In the centre, the surface has a coarse 
texture compared with that of the surroundings. At higher 
magnification (Plate 5.7), the coarse texture is seen to be 
composed of hexagonal rods associated with AFt growing on in 
isolated fragment of C3 A. Closer examination of this micrograph 
reveals thin plate-like foils(77) identified as 
monosulpho-aluminate growing through ettringite needle-like 
crystals. The monosulpho- aluminate develops when SO4 
2- ion 
concentration in the liquid phase is depleted, and ettringite 
converts to monosulpho-aluminate. At this point in time (Figure 
5.1) the rate of change of resistivity reduces considerably, and 
at the same time there is an increase in the dielectric constant 
(although slightly obscured by scale). This is the result of 
renewed chemical activity on the C3A phase 
(143), 
with ettringite 
converting to monosulpho-aluminate (Plates 5.6 and 5.7), and a 
subsequent release of charges (equations (5.9)-(5.11). 
Plate 5.8 taken at 1300 , minutes shows 
further large-scale 
formation of ettringite rather than isolated examples seen in 
Plates 5.6 and 5.7 taken at 700 minutes, and would corroborate 
. the observations of Dalgleish146) 
Calcium hydroxide (CH) appears in the early stages of hydration 
(200-400 minutes) as thin hexagonal plates, subsequently, 
deposits of calcium hydroxide grow massive and lose their 
hexagonal outline, they can be easily recognised by their 
parallel planes and smooth featureless surfaces. 
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Plates 5.9 and 5.10 are taken at 800 and 1400 minutes 
respectively, in both micrographs large-scale formation of 
calcium hydroxide is evident. It precipitates within capillary 
pore spaces between C-S-H hydrates and develops to form large 
crystals. The largest proportion of the total hydration 
products at this stage is calcium hydroxide and C-S-H Type I, the 
calcium hydroxide continues development and fills the capillary 
pores, whereas C-S-H Type I converts to C-S-H Type III and IV. 
The other hydrate present in large quantity in both micrographs 
is ettringite. 
Dalgleish(146) and Pratt 
(143) believe that further hydration of 
the cement core (already protected by a protective membrane) will 
11 
result in fibres radiating out from the unhydrated core, bridging -- 
between the core and the protective shell and the formation of 
Hadley grains(147). Plates 5.11 and 5.12 taken at approximately 
(24 hours show two examples of Hadley grains 
147ý. In Plate 5.11, 
a Hadley grain is seen at the top, marked on micrograph H, and in 
Plate 5.12 is seen in the centre. During fracture, the 
protective layer has been broken to reveal a partially hollow 
shell, an unhydrated cement core with C-S-H hydrates in the form 
of rods bridging the core to the protective layer, also visible 
in both micrographs are large calcium hydroxide crystals (e. g. in 
Plate 5.12), a large number of dimple-like C-S-H Type I crystals 
and clusters of ettringite. 
Finally, as the paste reaches maturity, the pores are filled with 
hydration products, the individual cement particles have 
dissolved and become more difficult to detect in a general 
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ground-mass. A fracture surface of a mature cement is shown in 
Plate 5.13, and reveals areas of calcium hydroxide interspersed 
with areas of what could be described as C-S-H Type III, and 
pores are also noted. 
5.3.3.2 Portland Cement and the influence of admixtures 
/ 
The effect of admixtures on the hydration process could also be 
followed by SEM micrographs taken at various intervals. Plate 
5.14 displays a micrograph of OPC cement paste with a 
water-cement ratio of 0.27 and the addition of 2% calcium 
chloride (CaCl2) by weight, taken at 200 minutes after gauging 
with water. Similar reticulated crystals as those found in 
micrographs of standard mix at 280 minutes (Plate 5.4) are seen 
here sane 80 minutes earlier, this highlights the accelerating 
effect of calcium chloride. When 0.02% by weight of sugar 
(retarder) is added (Plate 5.15), the micrograph taken at 
approximately 200 minutes shows hydration products seen on the 
grain surface at a much earlier time. No ettringite (AFt) 
crystals are evident, which suggests that the hydration of C3A 
phase has been reduced or retarded. 
The above observation further proves the effectiveness of the 
electrical results and their potential use in monitoring 
morphological changes in the cement microstructure. 
5.3.3.3 High-Alumina Cement 
Plate 5.16 shows an unhydrated high-alumina cement grain. 
126. 
Plates 5.17,5.18 and 5.19 have been taken at 225,320 and 425 
minutes respectively, these times were dictated by the position 
of the peaks in the dielectric constant curve recorded for a 
sample of the same paste (Figure 5.8(a)). 
At 225 minutes, Plate 5.17 (the end of the induction period) a 
dense C-A-H gel (fur-like morphology) has covered the grain, 
/closer examination of the micrograph (centre) reveals crystals 
radiating to cover the grain and bridge the pores, the hydrate 
formed during the induction period is the result of reaction 
associated with equation (5.2). 
As the temperature increases CAS10 converts to C2AH8, resulting 
in the the second peak in dielectric constant (equation (5.3)), 
the hydration products formed following this peak have crystals 
with a more definite morphology (Plate 5.18). The temperature 
within the paste following the above reactions exceeds the 
temperature above which C3AH8 becomes unstable (25°C) and hence 
converts to the stable C3AH6 (equation (5.4)). Plate 5.19 shows 
the micrograph following the third peak in dielectric constant, 
the long slender and the plate-like foils are associated with 
ettringite and monosulpho-aluminate. These crystals normally 
form as a result of the reaction of C3AH6 with sulphates, they 
are common in high porosity paste where ettringite f ormed 
precipitates in the pores of the material. 
v 
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5'. 4 CONCLUDING CDNMNTS 
The main purpose has been to demonstrate that the electrical 
response characteristics of cement paste can be used to monitor 
cement hydration and reflect its physical characteristics. 
Hydration is the most difficult and complex aspect of cement 
chemistry and, despite considerable research, controversy remains 
as to the exact nature of cement hydration. 
The observation of the electrical response of cement paste shows 
the effectiveness of using this method as a means of monitoring 
hydration. The results are consistent and the time of occurrence 
of various peaks reflects the changes in chemical composition, 
water-cement ratio, presence of admixtures, and the age of cement 
within the matrix. Furthermore, the correlation of results 
obtained f roan Scanning Electron Microscopy (SEM) with the 
electrical response curves and their agreement with previous SEM 
work done by other researchers 
(77,143-147) 
shows that the 
electrical response characteristics could be developed to monitor 
micro-structural building processes and morphological changes 
within hydrating cement paste. 
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CHAPTER 6 
OVERVIEW AND REODMMENDATIONS FOR 
FURT HM RESEARCH 
160. 
The initial 24 hours of the hydration process of cement paste are 
perhaps the most important period, as it is during this time that 
the paste changes from a fluid to a solid state. The long-term 
structure and strength development is largely indicated by the 
processes occurring over this period. 
The most important physical characteristics of cement paste 
during hydration is its increase in strength which is initiated 
by the setting process. Setting time has been traditionally 
measured using the Vicat Needle apparatus. The Vicat Needle Test 
gives an indication as to the physical state of the paste, 
however, setting is the direct consequence of chemical reactions 
occurring during hydration. Monitoring these chemical reactions 
would give a better indication as to the rate of hardening and 
the setting time of cement. Furthermore, a precise 
chemico-physical test that will; 
a) monitor hydration characteristics, thereby ensuring correct 
setting and hardening'of the cement without disturbing the 
fabric structure of the matrix; and 
b) enable an accurate quantification of the influence of 
admixtures, and variation in chemical composition on 
hydration, 
would be an advancment on earlier techniques, and yield more 
information for the cement technologist. 
The technique developed in this research has shown that 
electrical response methods can be used to ensure the correct 
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setting and hardening characteristics, it has also been 
demonstrated that admixtures; chemical composition; the age of 
cement, and addition of aggregate have a definite influence on 
the electrical response, hence hydration characteristics, and 
their effect can be quantified. 
The following conclusions can be drawn from this study: 
a) An alternative method f or testing cement has been 
investigated in which the system variables have been 
analysed in detail and measuring procedures formulated. 
b) An automated microcomputer data logging system has been 
developed which allows the flow of instruction and data 
between a number of peripherals and a central contoller. 
C) Customised software was developed for the microcomputer to 
control - 
i) the overall running of the experiment, 
ii) the action taken by the individual devices, and 
iii) the flow of data within the system. 
d) Although both hardware and software in this system have been 
designed to cater for the specific requirements of the 
research programme outlined in this thesis, there is no 
reason why the system could not be adapted and the software 
modified to match the need of other users. Such a system, 
as opposed to manual logging systems, allows greater 
flexibility not only in the duration of the experiment but 
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also in the time interval between reading cycles. 
e) The system requires minimum input, minimises the data 
acquisition time, minimises the delay time between 
experiments, and maximises the f reedom of manipulating the 
data to reach a conclusion. 
f) The system described provides data throughout the duration 
of the experiment. If required, this data could be used to 
give feedback to the controller which could then be 
programmed to make operational decisions as to the progress 
of the- experiment. 
g) Using the system described, the electrical response of 
setting cement paste can be logged, not only as a function 
of time, but also as a function of frequency with an 
accuracy that has hitherto not been achieved, and can be 
used to monitor the hydrolysis and hydration 
characteristics. 
h) The electrical method developed has certain advantages over 
present structure determining techniques, 
i) the fabric structure of the paste is not destroyed, 
ii) the sample size is sufficiently large to evaluate 
macroscale behaviour; indeed, the sample size 
conforms to BS 1881 (standard 100mm cube). 
iii) the electrical method offers an additional means for 
continuous monitoring of hydration processes over the 
initial 24-hours after gauging with water. 
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i) Four stages occurring during the early hydration of cement 
paste have been both identified and verified using an 
electrical response technique. The rate of change of these 
electrical parameters are indicative of the rate at which 
hydration is progressing. 
j) Further new evidence on the early hydration of OPC has been 
given. It has been demonstrated that the electrical 
response of cement paste is sensitive to physical and 
chemical changes within the paste and the dielectric 
constant and electrical resistivity can be used as a 
diagnostic of the setting and hardening processes. The work 
presented could also help in elucidating such theories as 
the membrane theory presented by Birchall et al 
43) 
and 
(40-42) 
et al40-42) 
k) The continuous monitoring of the chemical processes in other 
types of cement (HAC, RHPC, SRPC) has shown that a change in 
chemical composition of the cement influences the electrical 
response. Indeed, the response characteristics of HAC 
indicate four identifiable stages in its hydration over the 
initial 24-hours. (Also of interest is the high internal 
temperature occurring within the 8AC paste caused by 
secondary CA hydration. Some conversion must result from 
such a high temperature). 
1) The influence of admixtures on the hydrolysis and hydration 
processes can be quantified. As this method is measuring 
the chemical processes within the paste, the arbitrary terms 
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'initial' and 'final' set could have more meaning if 
redefined in terms of their electrical parameters. A 
general time 'point of set' was introduced. 
M) A relationship has been established and cjraphs are presented 
for two commonly used admixtures which enable the required 
percentage of additive to be calculated to achieve a 
required setting time. 
n) It has been shoran that the rite at which the paste gains 
strength is greatest over the period of intense chemical 
activity, i. e. when the electrical properties of the paste 
are undergoing significant changes (200-600 minutes). 
0) From the SEM work, tentative predictions as to hydrate 
morphology have been linked to electrical response. The 
electrical response methods could offer an additional 
technique f or monitoring the structure building processes 
and microstructure development in cement paste. Electrical 
response curves could be used as a 'fingerprint' to ensure 
correct setting and hardening of cement. 
p) The electrical properties of cement have been found to be 
not only a function of time, but also of frequency. 
q) The dielectric constant decreases with increase in 
frequency, this indicates a region of dielectric dispersion 
and thus can be related to double layer and interfacial 
effects, hence the polarizability of the paste. 
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r) Over the frequency range considered (20Hz - 300 kHz) the 
resistivity also decreases with increase in frequency, a 
feature not considered in previous research. The magnitude 
of the decrease is a function of water-cement ratio and 
degree of hydration. A PFE term was introduced to quantify 
this effect. 
s) The resistivity of paste can be related to the rate of 
removal of evaporable water from the bulk aqueous phase, 
pore continuity and constriction. 
With further development, electrical techniques would have wide 
practical applications in. the civil engineering industry, in 
particular: 
i) to assess the hydration characteristics of new cement 
blends, for example in the development of cementitious 
grouts, where rapid strength build-up may be required. 
ii) It has been shown that water-cement ratio, type of cement, 
aggregate content and admixtures have a definite influence 
on the electrical response of cement paste, such 
techniques could be developed for the quality control of 
concrete and aid to mix-design. 
iii) as a method for assessing setting time to allow for early 
striking of formwork so that maximum use could be made of 
formwork, and, 
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iv) to help in assessing the influence of admixtures on setting, 
hydration and microstructural development. 
Further research can thus develop along two lines, further 
fundamental work and practical application. The following are 
worthy of further investigation: 
a) Development of the technique for determining gel-structure, 
pore structure development, and crystal morphology. This 
should include the effect of a wider frequency range on the 
, electrical response (resistivity and dielectric constant). 
The method should be extended to study the long-term 
microstructural development, in particular when 
(admixtures156) 
are used and when subjected to aggressive 
environments. The aim should be to assess durability. 
b) It has been shown that the addition of aggregate, admixture, 
the curing condition, and chemical composition of cement 
have a definite influence on the electrical response. The 
development of the apparatus and introduction of a portable 
system for on-site investigation and control of the 
properties of fresh concrete (e. g. water-cement ratio, 
aggregate content and projected strength) could be a further 
practical application. 
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APPENDIX 1 
SAMPLE OF PROGRAMS 
THE CONTROL PROGRAMME 
10 ! *CONTROL* 
20 ! #kk###k#**####k#*##k#k*##########*k####*#k#####kk####***########*#### 
30 
40 !' THIS PROGRAMME WILL CONTROL THE OPERATION OF 
50 ! ALL THE INSTRUMENTS USED IN THE SYSTEM AND 
60 ! PLOT THE DISPERSION CURVES/DIELECTRIC CONSTANT, 
70 ! RESISTIVITY AND TEMPERATURE V TIME CURVES 
80 ! kk###k##*#*Kk#kk###k##k######k##**kkk#####*k##k##*k####ýk##*#k##k##k####k 
90 BEEP 
100 OUTPUT KPD; "K"; 
110 MASS STORAGE IS ": INTERNAL" 
120 PRINTER IS 703 
130 PRINT CHR$(27)&"&k2S" 
140 CREATE BDAT "9TT037", 260,16 
150 CREATE BDAT "9CT037", 260,224 
160 CREATE BDAT "9RT037", 260,224 
170 ASSIGN QPathl TO "9TT037" 
180 ASSIGN G'Path2 TO "9CT037" 
190 ASSIGN @Path3 TO "9RT037" 
200 OPTION BASE 1 
210 DIM T(2) 
220 DIM C(28) 
230 DIM R(28) 
240 REMOTE 722 
250 REMOTE 706 
260 REMOTE 703 
300 LOCAL LOCKOUT 7 
310 PRINTER IS 1 
320 BEEP 
330 PRINT " LABELING DETAILS" 
340 PRINT 
350 PRINT 
360 PRINT "Date eg: 10,9,85" 
370 INPUT A, 'D, E 
380 -IMAGE ""DATEI *, HD-, "/, DD, "/", -DD 
390 OUTPUT 703 USING 380; A, D, E 
400 BEEP 
410 PRINT "Water: Cement ratio " 
420 INPUT A 
430 IMAGE 2/, "WATER: CEMENT RATIO -", D. DD 
440 OUTPUT 703 USING 430; A 
450 BEEP 
460 PRINT "Mix Proportions: type PASTE if only cement & water. " 
470 PRINT "If mortar or concrete give mix ratio ie. Cement: Fine: Coarse" 
480 INPUT D$ 
490 IMAGE 2/, "MIX PROPORTIONS: ", 15A 
500 OUTPUT 703 USING 490; DS 
510 BEEP 
520 PRINT "If any admixtures have been added give type and % by weight. If no " 
530 PRINT "admixtures have been added type NONE. " 
540 INPUT T$ 
550 IMAGE 2/, "ADMIXTURE ; ", 15A 
560 OUTPUT 703 USING 550; T$ 
570 BEEP 
580 PRINT "Data File number. -" 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
INPUT A$ 
IMAGE 2/, "DATA FILE NUMBER: ", 15A 
OUTPUT 703 USING 600; A$ 
BEEP 
PRINT "Starting Time" 
INPUT G$ 
IMAGE 2/, "STARTING TIMES", 15A 
OUTPUT 703 USING 650; G$ 
BEEP 
PRINT "Preparation time (in minutes)" 
INPUT A 
IMAGE 2/, "PREPARATION TIME=", 2D, "minutes" 
OUTPUT 703 USING 700; A 
IMAGE 5/, "TIME", 6X, "TEMP. 11,40X, "DIELECTRIC 
OUTPUT 703 USING 720 
CONSTANT & RESISTIVITY" 
IMAGE "------------------------------------------------------------------- 
----------------------------------------------------------- 64 
750 OUTPUT 703 USING 740 
760 IMAGE X, "Min. ", 6X, "C", 6X, "2OHz", 6X, "6OHz", 6X, "lOOHz", 7X, "600Hz", 7X, "1KHz", 
7X, "6KHz", 6X, "IOKHz", 6X, "60KHz", 6X, "100KHz", SX, "300KHz" 
770 OUTPUT 703 USING 760 
780 T(1)=0 
790 C(i)=0 
800 R(1)-0 
810 OUTPUT KPD; "K"; 
820 BEEP 
830 PRINT " AXES SCALING DETAILS" 
840 PRINT "" 
850 PRINT 
860 PRINT "TIME AXIS : maximum, minimum, scale increment" 
870 INPUT Tmax, Tmin, Tinc 
880 BEEP 
890 PRINT "TIME AXIS : major tic mark every 7 divisions" 
900 INPUT Ttic 
910 BEEP 
920 PRINT "DIELECTRIC AXIS : maximum, minimum, scale increment, exponent" 
930 INPUT Dmax, Dmin, Dinc, Dexp 
940 BEEP 
950 PRINT "DIELECTRIC AXIS : Major tic mark every 7 divisions" 
960 INPUT Dtic 
970 BEEP 
980 PRINT "RESISTIVITY AXIS: Maximum, minimum, scale increment" 
990 INPUT Rmax, Rmin, Rinc 
1000 BEEP 
1010 PRINT "RESISTIVITY AXIS: major tic mark every 7 divisions" 
1020 INPUT Rtic 
1030 BEEP 
1040 PRINT "TEMP. AXIS : maximum, minimum, scale increment" 
1050 INPUT Cmax, Cmin, Cinc 
1060 BEEP 
1070 PRINT "TEMP. AXIS : major tic mark every ? divisions" 
1080 INPUT Ctic 
1090 BEEP 
1100 PRINT 
1110 PRINT "" 
1120 PRINT " PRESS ANY NUMBER TO START. " 
1130 INPUT A 
1140 OUTPUT K. BD; "K"; 
1150 GINIT 
1160 GRAPHICS ON 
1170 PLOTTER IS 3, "INTERNAL" 
1180 VIEWPORT 0,133,0,100 
1190 FRAME 
1200 MOVE 0,50 
1210 DRAW 133,50 
1220 MOVE 69,0 
1230 DRAW 69,100 
1240 CSIZE 4,. 5 
1250 DEG 
1260 LDIR 0 
__3270 MOVE 35,45 
1280 LORG 6 
1290 LABEL "DIEL. /RES. V TIME" 
1300 MOVE 100,45 
1310 LABEL "TEMP. V TIME" 
1320 MOVE 35,93 
1330 LORG 6 
1340 LABEL "DIEL. V FRED. " 
1350 MOVE 105,93 
1360 LORG 6 
1370 LABEL "LOSS ANG. V FRED" 
1380 ------------------------- 
1390 ! DIELECTRIC & RESISTIVITY AXIS 
1400 ! ------------------------------ 
1410 CSIZE 3,. 5 
1420 VIEWPORT 10,60,10,45 
1430 WINDOW Tmin, Tmax, Dmin, Dmax 
1440 AXES Tinc, Dinc, Tmin, Dmin, Ttic, Dtic, 3 
1450 CLIP OFF 
1460 FOR Time=Turin TO Tmax STEP Tinc*Ttic 
1470 LORG 6 
1480 MOVE Time, Dmin-Dina/5 
1490 LABEL USING "#, K"; Time 
1500 NEXT Time 
1510 FOR Diel-Dmin TO Dmax STEP Dinc*Dtic 
1520 MOVE -Tinc/4, Diel 
1530 LORG 8 
1540 LABEL USING "#, K"; Diel/10^Dexp 
1550 NEXT Diel 
1560 LORG 4 
1570 LDIR 90 
1580 MOVE -Tinc, (Dmax-Dmin)/2 
1590 LABEL USING 1600; Dexp 
1600 IMAGE "Diel. Ccnst. (x10^", K, ")" 
1610 LDIR 0 
1620 LORG 6 
1630 MOVE (Tmax-Tmin)/2, Dmin-Dinc/2 
1640. LABEL "Time(mins. )" 
1650 CLIP ON 
1660 VIEWPORT 10,60,10,45 
1670 WINDOW Tmin, Tmax, Rmin, Rmax 
1680 -AXES-Ti nc', Rinc; Tmax; Rmi"n; `rti-c RticT3 . 
1690 CLIP OFF 
1700 FOR Resty=Rmin TO Rmax STEP Rinc*Rtic 
1710 LDIR 0 
1720 LORG 2 
1730 MOVE Tmax+Tinc/4, Resty 
1740 LABEL USING "#, K"; Resty 
1750 NEXT Resty 
1760 LDIR 90 
1770 LORG 4 
1780 MOVE Tmax-Tinc/2, (Rmax-Rmin)/2 
1790 LABEL "Resistivity" 
1800 ! ----------=--------- 
1810 ! TEMPERATURE AXIS 
1820 ! -------------------- 
1830 VIEWPORT 75,125,10,45 
1840 WINDOW Tmin, Tmax, Cmin, Cmax 
1850 AXES Tinc, Cinc, Tmin, Cmin, Ttic, Ctic, 3 
1860 CLIP OFF 
1870 FOR Time=Tmin TO Tmax STEP Tinc*Ttic 
1880 LDIR 0 
1890 LORG 6 
1900 MOVE Time, Cmin-Cinc/4 
1910 LABEL USING "#, K"; Time 
1920 NEXT Time 
1930 MOVE (Tmax-Tmin)/2, Cmin-Cinc 
1940 LABEL "Time(mins. )" 
1950 LORG 8 
1960 FOR Temp=Cmin TO Cmax STEP Cinc*Ctic 
1970 MOVE -Tinc/4, Temp 
1980 LABEL USING "#, K"; Temp 
1990 NEXT Temp 
2000 MOVE Tinc, (Cmax+Cmin)/2 
2010 LORG 6 
2020 LDIR 90 
2030 LABEL "Temp. " 
2040 ! -------------------- 
2050 ! DISPERSION CURVE 
2060 ! -------------------- 
2070 VIEWPORT 10,60,58,93 
2080 WINDOW 1,6,1,9 
2090 AXES 1,1,1,1,1,2,2 
2100 CLIP OFF 
2110 LDIR 0 
2120 FOR F=1 TO 6 
2130 MOVE F,. 5 
2140 LOG 9 
2150 LABEL "10" 
2160 NEXT F 
2170 FOR F-1 TO 6 
2180 MOVE F,. 25 
2190 LORG 1 
2200 LABEL USING "#, K"; F 
2210 NEXT F 
2220 MOVE . 25,5 
2230 LORG'S 
2240 LDIR 90 
2250 LABEL "Diel. Const" 
2260 FOR D=1 TO 9 STEP 2 
2270 MOVE . 75, D 
2280 LDIR 0 
2290 LORG 8 
'2300 LABEL ", 10" 
2310 NEXT D 
2320 FOR D-1 TO 9 STEP 2 
2330 MOVE . 75, D 2340 LORG 1 
2350 LABEL USING "#, K"; D 
2360 NEXT D 
2370 ! ----------------- 
2380 ! LOSS ANGLE CURVE 
2390 ! ----------------- 
2400 VIEWPORT 79,129,58,93 
2410 WINDOW 1,6,0,200 
2420 AXES 1,50,1,0,1,2,2 
2430 CLIP OFF 
2440 FOR F-i TO 6 
2450 MOVE F, -15 
2460 LORG 9 
2470 LABEL "10" 
2480 NEXT F 
2490 FOR F-i TO 6 
2500 MOVE F, -22 
2510 LORG 1 
2520 LABEL USING "#, K"; F 
2530 NEXT F 
2540 FOR I=0 TO 200 STEP 50 
2550 MOVE . 75,1 
2560 LORG 8 
2570 LABEL USING "#, K"; I 
2580 NEXT I 
2590 FOR I=1 TO 260 
2600 OUTPUT 722; "M6T1R1F4" 
2610 TRIGGER 722 
2620 ENTER 722; T(2) 
2630 OUTPUT 706; "PAR; AUT; C; R; SLO; SIN" 
2640 FOR M=20 TO 120 STEP 20 
2650 IMAGE "FREQ", K, "; TRG" 
2660 OUTPUT 706 USING 2650; M 
2670 ENTER 706; A 
2680 ENTER 706; W 
2690 ENTER 706; Q 
2700 ENTER 706; S 
2701 IF W<0 THEN 2660 
2702 IF 0<0 THEN 2660 
2710 G=1+M/20 
2720 C(G)=1.564E+12*W 
2730 R(G)=Q*. 1 
2740 NEXT M 
2750 FOR 0=200 TO 1200 STEP 200 
2760 IMAGE "FREQ", K, "; TRG" 
2770 OUTPUT 706 USING 2760; 3 
2780 ENTER 706; A 
2790 ENTER 706; W 
2800 ENTER 706; Q 
2810 ENTER 706; S 
2811 IF, W<0 THEN 2770 
2812 IF 0<0 THEN 2770 
2820 G=7+3/200 
2830 C(G)=1.564E+12*W 
2840 R(G)-Q*. 1 
2850 NEXT J 
2860 FOR J=2000 TO 12000 STEP 2000 
2870 IMAGE "FREQ", K, "; TRG" 
2880 OUTPUT 706 USING 2870; J 
2890 ENTER 706; A 
2900 ENTER'706; W 
2910 ENTER 706; Q 
2920 ENTER 706; S 
2921 IF W<0 THEN 2880 
2922 IF 0<0 THEN 2880 
2930 6=13+J/2000 
-2940 C(G)=1.564E+12*W 
2950 R(G)=Q*. 1 
2960 NEXT J 
2970 FOR H=20000 TO 120000 STEP 20000 
2980 G=19+H/20000 
2990 IF H=80000 THEN H=H-5000 
3000 IMAGE "FREQ", K, "; TRG" 
3010 OUTPUT 706'USING 3000; H 
3020 ENTER 706; A 
3030 ENTER 706; W 
3040 ENTER 706; Q 
3050 ENTER 706; S 
3051 IF W<0 THEN 3010 
3052 IF 0<0 THEN 3010 
3060 C(G)=1.564E+12*W 
3070 R(G)=Q*. 1 
3080 IF H=75000 THEN H=H+5000 
3090 NEXT H 
3100 OUTPUT 706; "FREQ150E3; TRG" 
3110 ENTER 706; A 
3120 ENTER 706; W 
3130 ENTER 706; Q 
3140 ENTER 706; S 
3141 IF W<0 THEN 3100 
3142 IF 0<0 THEN 3100 
3150 C(26)=1.564E+12*W 
3160 R(26)=Q*. 1 
3170 OUTPUT 706; "FREQ200E3; TRG" 
3180 ENTER 706; A 
3190 ENTER 706; W 
3200 ENTER 706; Q 
3210 ENTER 706; S 
3211 IF W<0 THEN 3170 
3212 IF Q<0 THEN 3170 
3220 C(27)=1.564E+12*W 
3230 R(27)=Q*. 1 
3240 OUTPUT 706; "FREQ300E3; TRG" 
3250 ENTER 706; A 
3260 ENTER 706; W 
3270 ENTER 706; Q 
380 ENTER 706; S 
3281 IF W<0 THEN 3240 
3282 IF 0<0 THEN 3240 
3290 C(28)=1.564E+12*W 
3300 R(28)=Q*. 1 
3310 OUTPUT ttPathl, I; T(*) 
3320 OUTPUT FPath2, I; C(*) 
3330 OUTPUT GPath3, I; R(*) 
3340 IMAGE DDDD, 2X, MDDD. DD, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X 
, DD. DDE, 2X, DD. DDE, 2X, OD. DDE, 2X, OD. DDE, 2X, DD. DDE 
3350 OUTPUT 703 USING 3340; T(1), T(2), C(2), C(4), C(6), C(1O), C(12), C(16), C(18), C(2 
2), C(24), C(28) 
3360 IMAGE 1: iX, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. DDE, 2X, DD. D 
DE, 2X, OD. DDE, 2X, DD. DDE, 2X, DD. DDE 
3370 OUTPUT 703 USING 3360; R(2), R(4), R(6), R(10), R(12), R(16), R(19), R(22), R(24), R 
(28) 1 
3380 IMAGE "---=--------------------------------------------------------------- 
3390 
3400 
3410 
3420 
3430 
3440 
3450 
3460 
3470 
3480 
3490 
3500 
3510 
3520 
3530 
3540 
3550 
3560 
3570 
3580 
3590 
3600 
3610 
3620 
3630 
3640 
3650 
3660 
3670 
3680 
3690 
3700 
3710 
3720 
3730 
3740 
3750 
3760 
3770 
3780 
3790 
3800 
3810 
3820 
3830 
3840 
3850 
3860 
3870 
-------------------------------------- - 
OUTPUT 703 USING 3380 
! ---------------------------------------------- 
! Lines 1490 to 1610 plot results every reading cycle 
! Dielectric and Resistivity curves given for 1000Hz. 
! --------------------------------------------------- 
VIEWPORT 10,60,10,45 
WINDOW Tmin, Tmax, Dmin, Dmax 
MOVE C(1), C(12) 
PLOT C(1), C(12) 
VIEWPORT 10,60,10,45 
WINDOW Tmin, Tmax, Rmin, Rmax 
MOVE R(1), R(12) 
PLOT R(1), R(12) 
VIEWPORT 75,125,10,45 
WINDOW Tmin, Tmax, Cmin, Cmax 
MOVE T(1), T(2) 
PLOT T(1), T(2) 
A=C(1)/200 ! Plots Dispersion /Loss Curves every 200 mins. 
IF FRACT(A)=0 THEN 3590 
GOTO 4070 
! ------------------------------------- 
! Dispersion / Loss plotting subroutine 
! -------------- --------- ------------- 
VIEWPORT 10,60,58,93 
WINDOW 1,6,1,9 
FOR J=2 TO 28 STEP I 
IF J<=7 THEN F=20*J-20 
IF J>7 AND J<=13 THEN F=200X3-1400 
IF 3>13 AND J<=19 THEN Fe2000*J-26000 
IF J>19 AND J<=25 THEN Fa20000*J-380000 
IF J=26 THEN F=1.5OE+5 
IF J=27 THEN F=2.00E+5 
IF J=28 THEN F=3. OOE+3 
IF F=80000 THEN F=F-5000 
H=LGT(C(J)) 
F=LGT(F) 
IF J=2 THEN 3820 
IF. FFACT(A/2)=0 THEN 3790 ! Plots dashed 
LINE TYPE 1 ! Solid line every 200.600. 
GOTO 3800 
LINE TYPE 4 
DRAW F, H 
GOTO 3830 
MOVE F, H 
NEXT J 
VIEWPORT 79,129,58,93 
WINDOW 1,6,0,200 
FOR J=2 TO 28 STEP 1 
IF JC=7 THEN F=20*J-20 
! Plots dashed line every 400,800... mins 
every 200,600.... mins 
3x880 
3890 
3900 
3910 
3920 
3930 
3940 
3950 
3960 
3970 
3980 
3990 
4000 
4010 
4020 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4110 
4120 
4130 
4140 
4150 
4160 
4170 
4180 
4190 
4200 
4210 
4220 
4230 
4240 
4250 
4260 
4270! 
4280* 
4290* 
4: 500* 
4310. 
4320* 
4330* 
4340* 
4350* 
4360# 
4370* 
4380* 
43903 
4400* 
44101 
4420* 
4430* 
4440* 
44504 
4460* 
44701 
44801 
44904 
45003 
45104 
45208 
453041 
45404 
45504 
45604 
45704 
IF J>7 AND J<=13 THEN F=200*J-1400 
IF J>13 AND J<-19 THEN F-2000*J-26000 
IF J>19 AND J<=25 THEN F=20000*J-380000 
IF J=26 THEN F-1.50E+5 
IF J=27 THEN F-2.00E+5 
IF J=28 THEN F-3.00E+5 
IF F=80000 THEN F=F-5000 
H=1/(2*PI*F*R(J)*C(J)*8.84E-12) 
F=LGT(F) 
IF J=2 THEN 4040 
IF FRACT(A/2)=0 THEN 4010 ! Plots dashed line 
LINE TYPE 1 ! Solid line every 200,600... mins 
GOTO 4020 
LINE TYPE 4 
DRAW F, H 
GOTO 4050 
MOVE F, H 
NEXT J 
! -ý-------------------------- 
WAIT 250 
T(1)=T(1)+5 
C(1)-C(1)+5 
R(1)=R(1)+5 
NEXT I 
ASSIGN EPath1 TO 
ASSIGN iPPath2 TO *- - 
ASSIGN FPath3 TO 
! -------------- 
! Graphics Dump 
! -------------- 
INTEGER Device-selector 
Device-selector-703 
OUTPUT 703 USING 4210 
IMAGE 5/ 
CALL Graphics dump(Device_selector) 
PRINT "The dump is complete. That is the test 
PRINTER IS 1 
END 
every 400,800... mins 
over" 
SUB Graphics_dump (INTEGER Device_selector) 
82905DUMP Dumps Graphics to HP82905B printer SECURED CODE 
TYPICAL PLOTTING PROGRAMME 
10 ! PLOTTER 
20 PRINTER IS I 
_ 
30 BEEP 
40 PRINT " LABELING DETAILS " 
50 PRINT 
60 PRINT 
70 PRINT "Graph Number" 
80 INPUT S 
90 BEEP 
91 PRINT 
100 PRINT "Water/Cement Ratio" 
110 INPUT We 
120 BEEP 
121 PRINT 
130 PRINT "Type of cement eg. OPC, HAC. " 
140 INPUT T$ 
150 BEEP 
151 PRINT "" 
160 PRINT "Cement paste, Mortar or Concrete. If no aggregate type PASTE. " 
170 PRINT "If Mortar or Concrete give mix proportions ie. CementiFinetCoarse (b 
y weight)" 
180 INPUT M$ 
190 BEEP 
191 PRINT 
200 PRINT "If any admixture has been added give type &% (by weight). " 
210 PRINT "If no admixture has been added type NONE " 
220 INPUT A$ 
230 BEEP 
231 PRINT 
240 PRINT "Select Frequency you require plot (in Hz) eg. 20,1000 etc. " 
250 INPUT Fq 
260 OUTPUT KBD; "K"; 
270 PRINT " AXIS SCALING DETAILS" 
280 PRINT 
290 PRINT "" 
300 BEEP 
310 PRINT "TIME AXIS : maximum, minimum, scale increment" 
320 INPUT Tmax, Tmin, Tinc 
330 BEEP 
331 PRINT 
340 PRINT "DIELECTRIC AXIS : maximum, minimum, scale increment, exponent" 
. 50 INPUT Dmax, Dmin, Dinc, Dexp 
360 BEEP 
361 PRINT 
370 PRINT "RESISTIVITY AXIS: maximum, minimum, scale increment" 
380 INPUT Rmax, Rmin, Rinc 
390 BEEP 
391 PRINT 
400 PRINT "TEMP. AXIS : maximum, minimum, scale increment" 
410 INPUT Cmax. Cmin. Cinc 
420 
421 
430 
440 
450 
451 
460 
470 
471 
480 
490 
500 
510 
511 
520 
530 
531 
532 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
1320 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
1030 
1040 
1050 
PEEP 
PRINT 
PRINT "TIME AXIS smajor TIC mark 
INPUT Ttic 
BEEP 
PRINT 
PRINT "DIELECTRIC AXIS : major TIC mark 
INPUT Dtic 
PRINT "" 
PRINT "RESISTIVITY AXISsmajor TIC mark 
BEEP 
INPUT Rtic 
BEEP 
PRINT 
PRINT "TEMP. AXIS : major TIC mark 
INPUT Ctic 
PRINT 
PRINT 
BEEP 
PRINT " Enter preperation 
INPUT Pt 
OUTPUT KPD; "K"; 
GINIT 
PLOTTER IS 705, "HPGL" 
GRAPHICS ON 
OUTPUT 705; "VS10" 
OUTPUT 705; "SP1" 
VIEWPORT 0,140,0,100 
FRAME 
MOVE 11,7 
LORG 2 
CSIZE 4,. 5 
LABEL "FIG. "; G 
MOVE 28,7 
every ? divisions" 
every ? divisions" 
every 7 divisions" 
every ? divisions" 
time. " 
LABEL "Variation of electrical parameters and internal" 
MOVE 28,4 
LABEL " temperature over initial 24-hours. " 
MOVE 5,97 
CSIZE 3,. 5 
LABEL "W/C Ratio: 0"; Wc 
MOVE 5,94 
LABEL "Cement : "IT$ 
MOVE 5,91 
LABEL "Admixtures"; A$ 
MOVE 5,88 
LABEL "Mix t"; ME 
MOVE 100,97 
LABEL "Frequency="; Fq; "Hz" 
VIEWPORT 15,115,15,80 
WINDOW Tmin, Tmax, Dmin, Dmax 
AXES Tinc, Dinc, Tmin, Dmin, Ttic, Dtic, 3 
MOVE -1.3*Tinc, (Dmax-Dmin)/2 
DEG 
LDIR 90 
LORG 6 
CLIP OFF 
LABEL USING 930; Dexp 
IMAGE "DIELECTRIC CONSTANT(x10^", K, ")" 
LDIR 0 
MOVE (Tmax-Tmin)/2, (Dmin-. 1*Dinc) 
LORG 6 
LABEL "TIME(mins. )" 
CLIP ON 
WINDOW Tmin, Tmax, Rmin, Rmax 
AXES Tmax, Rinc, Tmax, Rmin, Ttic, Rtic, 3 
MOVE (Tmax-1.3*Tinc), (Rmax-Rmin)/2 
LORG 4 
CLIP OFF 
LDIR 90 
LABEL "RESISTIVITY(Ohm-m)" 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1251 
1260 
1261 
1270 
1271 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
VIEWPORT 15 120,15,80 
WINDOW Tmin, Tmax, Cmin, Cmax 
CLIP ON 
AXES Tmax, Cinc, Tmax, Cmin, Ttic, Ctic, 3 
VIEWPORT 15,115,15,80 
CLIP OFF 
LDIR 0 
FOR Time=Tmin TO Tmax STEP Tinc*Ttic 
WINDOW Tmin, Tmax, Dmin, Dmax 
LORG 6 
MOVE Time, -Dinc/5 
LABEL USING "#, K"; Time 
NEXT Time 
FOR Diel=Dmin TO Dmax STEP Dinc*Dtic 
WINDOWTmin, Tmax, Dmin, Dmax 
CLIP OFF 
MOVE -Tinc/4, Diel 
LCJ G8 
LABEL USING "#, K"; Diel/10^Dexp 
NEXT Diel 
MOVE 0,0 
FOR Resty-(Rmin+Rinc)*Rtic TO Rmax STEP Rinc*Rtic 
VIEWPORT 15,115,15,80 
WINDOW Tmin, Tmax, Rmin, Rmax 
CLIP OFF 
MOVE 1450, Resty 
LORG 8 
LABEL USING "#, K"; Resty 
NEXT Resty 
FOR Temp=Cmin TO Cmax STEP Cinc*Ctic 
VIEWPORT 15,120,15,80 
WINDOW Tmin, Tmax, Cmin, Cmax 
CLIP OFF 
MOVE 1520, Temp 
LORG 2 
LABEL USING "#, K"; Temp 
NEXT Temp 
MOVE (Tmax+1.3*Tinc), (Cmax+Cmin)/2 
LDIR 90 
LORG 4 
LABEL "TEMPERATURE (Deg C)" 
OPTION BASE 1 
DIM T(2) 
DIM C(28) 
DIM R(28) 
-: Dielectric-Constant, Resistivity &-Temperature Vs. Time. -. "- ! ------------------------ ------------------------------ 
GOSUB 2170 
IF Fq=75000 THEN Fq-Fq+5000 
IF Fq<-120 THEN M=1+Fq/20 
IF Fq>120 AND Fq<=1200 THEN M=7+Fq/200 
IF Fq>1200 AND Fq<=12000 THEN M=13+Fq/2000 
IF Fq>12000 AND Fq<=120000 THEN M-19+Fq/20000 
IF Fq=1.50E+5 THEN M=26 
IF Fq=2.00E+5 THEN M=27 
IF Fq=3. OOE+5 THEN M=28 
! ------------------------- 
VIEWPORT 15,115,15,80 
WINDOW Tmin, Tmax, Dmin, Dmax 
MOVE Tmin, Dmin 
OUTPUT 705*, "SP2" 
FOR I=1 TO 255 STEP 1 
ENTER BPath2, I; C(*) 
IF I=1 THEN 1710 
LINE TYPE 1 
DRAW (C(1)+Pt), C(M) 
SOTO 1720 
MOVE (C(1)+Pt), C(M) 
NEXT I 
1730 ASSIGN 6'Path2 TO * 
1740 ! -------------------------- 
1750 VIEWPORT 15,115,15,00 
1760 WINDOW Tmin, Tmax, Rmin, Rmax 
1770 MOVE Tmin, Rmin 
1780 OUTPUT 705; "SP3" 
1790 FOR I-1 TO 255 STEP 1 
1800 ENTER &Path3, I; R(*) 
1810 IF I=1 THEN 1850 
1820 LINE TYPE 1 
1830 DRAW (R(1), +Pt), R(M) 
1840 GOTO 1860 
1850 MOVE (R(1)+Pt), R(M) 
1860 NEXT I 
1870 ASSIGN FPath3 TO 
1880 ! ---------------------------- 
1890 VIEWPORT 15,115,15,80 
1900 WINDOW Tmin, Tmax, Cmin, Cmax 
1910 MOVE Tmin, Cmin 
1920 OUTPUT 705; "SP4" 
1930 FOR I=1 TO 255 STEP 1 
1940 ENTER ePathl, I; T(*) 
1950 PLOT (T(1)+Pt), T(2) 
1960 NEXT I 
1970 ASSIGN iPPathl TO 
1980 ! -------------------------- 
1990 LDIR 0 
2000 LORG 2 
2010 VIEWPORT 0,140,0,100 
2020 WINDOW 0,140,0,100 
2030 OUTPUT 705; "SP2" 
2040 MOVE 50,95 
2050 DRAW 65,95 
2060 LABEL " Dielectric Constant" 
2070 OUTPUT 705; "SP3'' 
2080 MOVE 50,90 
2090 DRAW 65,90 
2100 LABEL " Resistivity" 
2110 OUTPUT 705; "SP4" 
2120 MOVE 50,85 
2130 DRAW 65,85 
2140 LABEL " Temperature" 
2150 MOVE 0,0 
2160 GOTO 2240 
2170 ! ------------------------------------ 
2180 ! Open Data Files 
2190 ASSIGN GPath2 TO "9CT034" 
2200 ASSIGN EPath3 TO "9RT034" 
2210 ASSIGN @Pathl TO "9TT034" 
2220 RETURN 
2230 ! ----------------------------------- 
2240 END 
TYPICAL SET OF RESULTS WITH GRAPHICAL OUTPUT 
DATE%2O/ 5/86 
NATER: CEMENT RATIO   . 27 
MIX PROPORTIDNS,. D. P. C. IPASTE 
ADMIXTURE : NONE 
DATA FILE NUMBER: 4WK061 
STARTING TIME: 10.40AM 
PREPARATION TIMEsIOsinutes 
TIME TEMP. DIELECTRIC CONSTANT I RESISTIVITY 
Min. C 20Hz 60Hz 100Hz 600Hz 1KHz 6KHz 10KHz 60KHz 100KHz 300KHz 
0 27.02 88.60E+07 27.04E+07 13.18E+07 62.14E+05 24.37E+05 84.30E+03 35.42E+03 10.01E+03 95.40E+02 86.02E+02 
98.90E-02 66.44E-02 59.10E-02 51.00E-02 50.52E-02 50.02E-02 50.02E-02 50.04E-02 50.04E-02 50.40E-02 
5 27.46 92.35E+07 27.93E+07 13.53E+07 63. OBE+05 24.71E+05 85.08E+03 35.42E+03 10.32E+03 97.75E+02 89.15E+02 
99.63E-02 65.28E-02 57.90E-02 49.98E-02 49.52E-02 49.05E-0T 49.04E-02 49.06E-02 49.08E-02 49.50E-02 
10 27.54 94.58E+07 28.59E+07 13.82E+07 64.05E+05 25.06E+05 86.02E+03 35.82E+03 10.48E+03 10.01E+03 90.71E+02 
10.04E-01 64.64E-02 57.20E-02 49.33E-02 48.89E-02 48.43E-02 48.43E-02 48.46E-02 48.50E-02 48.90E-02 
15 27.50 94.37E+07 28.21E+07 13.56E+07 62.18E+05 24.31E+05 83.36E+03 34.25E+03 10.32E+03 97.75E+01 89.15E+02 
10.14E-01 65.01E-01 57.61E-0T 49.88E-02 49.45E-02 49.03E-02 49.04E-02 49.10E-02 49.14E-02 49.60E-02 
20 27.48 94.13E+07 27.84E+01 13.32E+07 60.78E+05 23.16E+05 81.48E+03 34.72E+03 10.17E+03 96.97E+02 87.58E+02 
10.16E-01 65.25E-02 57.92E-02 50.29E-02 49.87E-02 49.44E-02 49.44E-02 49.50E-02 49.52E-02 49.90E-02 
25 27.46 94.20E+01 27.75E+07 13.26E+07 60.17E+05 23.51E+05 81.17E+03 33.86E+03 10.17E+03 96.19E+02 87.58E+0T 
10.26E-01 65.46E-02 58.11E-02 50.49E-02 30.07E-02 49.65E-02 49.65E-02 49.70E-02 49.72E-02 50.10E-02 
30 27.46 94.22E+01 27.63E+07 13.17E+07 59.54E+05 23.26E+05 80.39E+03 33.63E+03 10.17E+03 96.19E+02 87.58E+02 
10.30E-01 65.59E-02 58.25E-02 50.69E-02 50.27E-02 49.84E-02 49.85E-02 49.90E-02 49.92E-02 50.30E-02 
35 27.47 94.15E+07 27.51E+07 13.09E+07 58.93E+05 23.02E+05 79.45E+03 33.31E+03 10.01E+03 95.40E+02 86.02E+02 
10.35E-01 65.77E-02 58.42E-02 50.89E-02 50.47E-02 50.05E-02 50.05E-02 50.10E-02 50.12E-02 50.50E-02 
40 27.49 94.04E+07 27.31E+07 12.97E+07 58.23E+05 22.73E+05 78.67E+03 33.00E+03 10. OIE+03 94.62E+02 86.02E+02 
10.33E-01 65. BBE-02 58.58E-02 31.11E-02 50.69E-02 50.27E-02 50.28E-02 50.32E-02 50.34E-02 50.10E-02 
45 27.54 93.85E+07 27.19E+07 12.89E+07 57.66E+05 22.54E+05 77.89E+03 32.77E+03 98.53E+02 93.84E+02 86.02E+02 
10.41E-01 66.12E-02 58.80E-01 51.34E-01 50.93E-02 50.51E-02 50.51E-01 50.56E-0T 50.58E-01 51.00E-02 
50 27.60 93.60E+07 26.99E+07 12.77E+07 57.01E+05 22.27E+05 77.11E+03 32.45E+03 98.53E+02 93.84E+02 84.46E+02 
10.42E-01 66.30E-02 59.01E-02 51.59E-02 51.19E-02 50.71E-02 50.77E-02 50.82E-02 50.84E-02 51.20E-02 
55 27.68 93.28E+07 26.86E+07 12.69E+07 56.48E+05 22.05E+05 76.32E+03 32.22E+03 98.53E+02 93.06E+02 84.46E+02 
10.54E-01 66.62E-02 59.29E-02 51.87E-02 51.46E-02 51.05E-02 51.05E-02 51.10E-02 51.12E-02 51.50E-02 
60 27.78 92.94E+07 26.64E+07 12.57E+07 55.77E+05 21.77E+05 75.38E+03 31.75E+03 96.97E+02 91.28E+02 84.46E+02 
10.55E-01 66.86E-02 59.55E-02 52.17E-02 51.76E-02 51.35E-02 . 51.35E-02 51.40E-02 51.42E-02 51.80E-02 
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Some aspects of the electrical properties of cement paste 
W. J. McCARTER, A. B. AFSHAR 
Heriot-Watt University, Department of Civil Engineering, Riccarton Campus, Edinburgh, UK 
Over the last few years attention has been drawn 
to the use of electrical properties of cement paste 
as a technique for measuring the degree of hydra. 
tion, and hence hardening and strength charac. 
teristics of the paste [1-3]. This previous work, 
however, has concentrated on measuring the 
change in electrical resistivity of cement pastes, 
mortars and concretes up to periods of 250 days, 
with little attention given to the initial 24 h 
after mixing with water. This letter describes a 
preliminary investigation into the electrical proper. 
ties of cement pastes during the first 24 h after 
gauging with water. It is during this period that 
the viscosity of the cement paste increases as it 
changes from a fluid to rigid state. Attention has 
been directed towards monitoring the change in 
dielectric constant, electrical resistivity and loss 
angle over this period to establish if there is any 
correlation between changes in the physical and 
chemical state of the paste and changes in the 
measured electrical parameters. 
The raw materials used in the manufacture of 
cement consist mainly of lime, silica, alumina and 
iron oxide. Four compounds are usually regarded 
[4-6] as the major constituents of cement and in 
a typical ordinary Portland cement (OPC) are, 
by percentage weight, 60% C3S (tricalcium sili. 
cate, 3CaOSiO3); 15% C2S (diacalcium silicate, 
2CaOSiO2); 10% C3A (tricalcium aluminate, 
3CaOAl2O3); 9% C4AF (tetracalcium-alumino- 
ferrite, 4CaOA12O3Fe2O3). The remaining per. 
centage consists of minor compounds, e. g. MgO, 
Ti02, Mn203, K2O and Na2O. The two calcium 
silicates are the main cementitious compounds 
in cement and the physical behaviour of cement 
is largely dictated by these compounds [7]. 
When OPC is mixed with water a series of 
complicated chemical reactions begin to take 
place. The reaction of cement clinker and water 
proceeds at different rates for the various mineral 
phases and involves both hydrolysis and hydration 
processes. The main events that take place during 
the setting process of a normal paste are visualised 
as proceeding through four stages [8-101 - an 
inital supersaturation of the gauging water with 
Cal' and OH" ions and other minor ions leached 
out of the cement grains, primarily, S04-, Na', 
K' and an initial coating of hydration products 
(gel) on the cement grains; a period of little 
activity as the gel builds up on the grains and 
retards the reaction; a period of renewed chemical 
activity as the hydration products on the C3S 
phase rupture and expose unhydrated cement 
grain surfaces; this is followed by the fourth stage 
or period of hardening. 
The instrumentation used in the experimental 
programme comprises a Wayne-Kerr automatic 
precision bridge (B905) which was used to mea- 
sure both the in-phase and quadrature components 
of the impedance. The B905 can operate at three 
standard frequencies: 100 Hz, 1 kHz and 10 kHz. 
In addition, a Hewlett Packard HP3456A digital 
voltmeter, with compatible thermistor, was used 
to record the internal temperature changes of the 
specimens. These and other peripherals which 
comprise the data logging system were controlled 
by a HP9915A modular computer. The software 
initiated a 'reading cycle under clock control and 
processed and stored the incoming data. The tests 
were continuous over a 24 h period, with a read- 
ing cycle being initiated every minute over the 
first hour and every five minutes during the 
remaining 23 h. 
All specimens were made with OPC and the 
experiments were carried out at constant ambient 
air temperature of 20° C (± 1° Q. The cement 
paste was contained between the plates of a 
dielectric cell. 
Typical results are given in Figs. I and 2, in this 
instance, for a paste with a water/cement ratio 
(W/C) of 0.30 (by weight). Fig. I shows the 
change in dielectric constant, resistivity and 
internal temperature of the cement paste over 
the 24 h test period for the three frequencies (a) 
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Figure I Variation of temperature, resistivity and dielectric constant during the first 24 h after gauging with water. 
(a) Frequency = 100 Hz. (b) Frequency =1 kHz. (c) Frequency = 10 kHz. 
100 Hz, (b) I kHz, and (c) 10 kHz. Fig. 2 shows 
the change in loss angle for this paste over the 
same period. 
One of the striking features of Fig. 1 is the 
initially high dielectric constant and relatively 
low electrical resistivity of the paste (relative to 
that of ceramic materials), also, over the two 
decades of frequency considered (100 Hz to 
1084 
10 kHz) the dielectric constant drops by almost 
three orders of magnitude, whilst the resistivity 
drops by less than 5%. The high polarizability 
and low resistance of the paste are attributable to, 
and indicative of, the high ionic concentrations 
and ease of mobility of charges at these early 
stages. Over the initial 240 min the resistivity 
remains constant at a particular frelluenc\'. At 
Soo 1000 
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Figure 1 Continued. 
500 
TIME(min) 
1000 
J0 
1500 
240 min, the resistivity (irrespective of frequency) 
increases quite rapidly and could signify that 
ionic conduction paths through the paste are 
becoming more tortuous as the gel on the cement 
grains extends to form a fibrous rigid structure. 
The plateau region (450 nein) coincides with the 
temperature maximum at this time. Since cement 
paste exhibits a negative temperature coefficient 
of resistivity [I], it would account for the slight 
reduction in the rate of change of resistivity at 
this time. At 600 min, the rate of change of 
resistivity decreases indicating, perhaps, that the 
paste has attained a rigid structure and the period 
of hardening has started. 
The dielectric constant shows equally signifi- 
cant changes over the initial 600 min. The dielec- 
tric constant drops sharply over the first 40 min 
as the initial hydration products build up on the 
nix 1g5TE 
u/C " 0.3 
200, 
180- 
160- 
1 40w 
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z 
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2 
N 100, 
0 80 
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0 
TIME(min) 
2 Variation of loss angle over test-period. 
1085 
S00 1000 1500 
cement grains. As the frequency increases, not 
only does the dielectric constant drop, but this 
initial decrease becomes less apparent showing 
the lack of polarizability of charges at higher 
frequencies. There follows a period where the 
dielectric constant changes little (40 to 170 min) 
indicating little activity within the paste. This 
is followed by an increase in the polarizability 
of the paste resulting in a marked rise in the 
dielectric constant at 200 min; thereafter, the 
dielectric constant drops with another small 
peak occurring at 240 min (it is noticeable that 
as the frequency is increased this peak becomes 
more pronounced). The drop in dielectric con- 
stant coincides with the rise in resistivity. As 
before, the gels on the cement grains extending 
to meet each other, an irrotational binding of 
charges and a reduction in ionic concentrations 
would account for the drop in dielectric constant. 
The peaks in dielectric constant previously 
described (i. e. at 200 min) would signify renewed 
chemical activity within the paste. The primary 
products formed on the cement grains at this 
early stage have a large excess of lime in their 
structure and are unstable. This lime could be 
released, resulting in compounds of lower basicity 
and an increase in the. polarizability of the paste 
at this time. The magnitude of this peak could be 
considered as a measure of the escaping tendency 
of this lime and also a measure of the excess free 
energy (or degree of instability) of the unstable 
hydrate. The dielectric constant attains an almost 
constant value after 600 min, changing by approxi. 
mately 10% of the 600 min value over the remain- 
der of the test period, this feature being noticeable 
at all frequencies. 
Fig. 2 (loss angle against time) reflects the com- 
bined effect of dielectric constant and resistivity. 
Changes in the loss angle are also noticeable at 
similar time intervals previously mentioned, being 
more prominent at 10 kHz than 100 Hz. After the 
initial 600 min the loss angle remains reasonably 
constant for all frequencies. 
It is evident that the period between 200 to 
600 min is a period of significant change in electri- 
cal parameters, and it is postulated that the paste, 
over this period, is changing from a fluid to rigid 
state. It could be concluded from this preliminary 
work that the electrical properties of cement paste 
are sensitive to the physical and chemical changes 
in the paste and could be used as a structure- 
determining technique. 
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Further studies on the early hydration of 
Portland cement paste 
W. J. McCARTER, A. B. AFSHAR 
Department of Civil Engineering, Heriot Watt University, Edinburgh, UK 
Previous work by the authors [1] monitored the 
variation in the electrical response characteristics 
of ordinary Portland cement (OPC) paste during 
the initial 24 h after gauging with water*. The 
electrical parameters measured were dielectric 
constant, electrical resistivity and loss-angle and, 
from these parameters, it was shown that four 
stages in the early hydration of cement could be 
identified - an initial stage of supersaturation of 
the gauging water with Cat" and OH-ions and a 
build-up of hydration products (gel) on the 
cement grains; this is followed by a dormant 
period of little chemical activity; the dormant 
period is then followed by a period of renewed 
chemical activity as the gel on the cement grains 
ruptures and exposes. unhydrated cement grain 
surfaces. The authors postulate that it is this stage 
which leads to an increase in rigidity of the cement 
paste (referred to as setting). The final stage which 
can be identified is the period of hardening. . This letter extends this work by investigating 
the influence of admixtures on the setting and 
hardening of cement paste. The influence of 
admixtures on cement paste is of importance to 
the cement technologist as setting and hardening 
can be adversely affected by additives. Further- 
more, setting and hardening can be intentionally 
accelerated or delayed depending on the type and 
amount of admixture incorporated in the paste 
and, at present, it is difficult to assess the amount 
of admixture that need be added to the cement. 
The work presented provides an accurate method 
for monitoring and quantifying the influence of 
admixtures on the setting characteristics of cement 
paste. 
Two common admixtures used in cement are 
sugar and calcium chloride which, respectively, 
delay and accelerate the setting of cement paste. 
These admixtures were used in the present 
prggramme'and dissolved in the gauging water 
*OPC comprises four main constituents which are written 
C, A = 3CaO-AI1O31 C. AF = 4CaO"AI, O, "Fe, O,. 
before addition to the cement. The amount added 
was fixed percentage, by weight, of cement. A 
microcomputer-controlled data acquisition system 
was employed to monitor the change In dielectric 
constant and electrical resistivity over the initial 
24 h. In addition, the internal temperature of the 
specimens was monitored. Further details on 
instrumentation and experimental procedure have 
already been given [1]. 
Typical results are given in Figs. I to 3. The 
water/cement (w/c) ratio was kept constant (at 
0.27), and the frequency of the applied electric 
field was 1000 Hz. Fig. I shows the change in the 
measured parameters over the 24 h test period for 
OPC paste without additives (taken as the 
control). Fig. 2 shows the influence of the 
addition of (a) 0.05% and (b) 0.1% sugar to the 
cement paste, and Fig. 3 shows the influence of 
the addition of (a) 1.0% and (b) 1.5% calcium 
chloride to the cement paste. 
The results of )Fig. 1 confirm previous findings. 
The authors ascribe the peak in dielectric constant 
at 200 min to renewed chemical activity within the 
paste as the gel on the C3S phase ruptures, 
releasing ions and increasing the polarizability of 
the paste. This activity is short-lived and quickly 
leads to a decrease in viscosity of the paste as the 
dielectric constant drops and electrical resistivity 
rises -a reduction and irrotational binding of 
charges as the gel on the cement grains extend to 
form a fibrous rigid structure would accout for 
the curves at this stage. A reduction in the rate of 
change of resistivity at 600 min signifies the onset 
of hardening and hydration of the C2 S phase. It is 
evident from Figs. 2a and b that the addition of a 
retarding agent has the effect of delaying the 
reaction of the C3S phase associated with stage 3 
and increasing the dormant period of stage 2. The 
peak in dielectric constant is progressively more 
delayed as the proporti6n of retarder is increased, 
in shorthand form as: C,, S = 3CaO SiO,, C2S = 2CaO"SiO2. 
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the amount of delay is proportional to the extended over 36 h. Thus, the time during which 
quantity of sugar added. As intimated earlier, as the paste remains in a plastic state (i. e. workable) 
the reaction on the C3 S phase leads to setting can be controlled by the amount of retarder added 
then, from the data given, 0.05% sugar delays to the mix. It is noticeable from this figure that 
setting by 450 min; 0.1% delays setting by the temperature and resistivity curves are also 
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addition of more than about 0.2%% sugar could 
"kill" setting completely. 
When an accelerator is added to the paste (Fig. 
3a and b) the dormant period is reduced and the 
C3S hydration peak associated with the dielectric 
constant curve occurs earlier. Since it is this peak 
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after gauging. The temperature and resistivity 
curves are also "compressed" compared to that 
of the control. 
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The work presented in this letter has given 
further evidence of the mechanisms of cement 
hydration and structure building processes. 
Insight into the mode of action of retarders and 
accelerators on the setting and hardening of 
cement paste has been given and the method 
described offers an accurate technique for quan- 
tifying the influence of admixtures on the early 
hydration of cement. 
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Early hydration characteristics of aluminous cement 
A. B. AFSHAR, W. J. McCARTER 
Department of Civil Engineering, Heriot- Watt University, Riccarton, Edinburgh, UK 
Previous papers by the authors [1,2] detail a 
novel technique for monitoring the hydrolysis 
and hydration processes in ordinary portland 
cement (OPC) paste over the initial 24h after 
gauging with water. The technique entailed 
monitoring the variation in electrical resistivity, 
dielectric constant and internal temperature of 
the paste, and a typical response curve for OPC 
is given in Fig. I- the frequency of applied 
electrical field being 1000 Hz. The work has been 
extended to investigate the effect on electrical 
response of cements of different chemical 
composition. 
This letter reports a preliminary investigation 
into high-alumina cement (HAC) and HAC/ 
OPC mixtures. HAC is characterized by its rapid 
hardening properties and consequent high 
strength development within 24 h. Although 
HAC has a setting time comparable to that. of 
OPC cement, its early strength gain over the first 
24 h is comparable to that of OPC over the first 
7 days. The principal cementitious phase of high 
alumina cement (Ciment Fondu Lafarge) is 
monocalcium aluminate, CaO " A1203 (approxi- 
mately 78% by weight). Minor constituents 
comprise iron oxides (FeO and Fe2O3) and silica 
(Si02). The hydration of monocalcium alumi- 
nate (CaO - A1203) is temperature dependent 
[3-5]. 
Experimental procedures and instrumen- 
tation details have been given in a previous work 
(1]. For the work presented, the frequency of the 
applied electrical field was 1000 Hz. All speci- 
mens were taken from single batches of cement 
to minimize the effects of variability in materials. 
Water was added by percentage weight of 
cement and mixing time was kept constant. Fig. 
2 shows the temporal variation in measured 
parameters for HAC paste over the initial 24h. 
Fig. 3 shows the variation in loss angle over the 
test period for HAC. Fig. 4 shows the change in 
the measured parameters for an OPC/HAC mix- 
ture and Fig. 5 shows the variation in loss angle 
over the test period for this mixture. 
The response curves for HAC cement paste 
(Fig. 2) show certain similarities to those of OPC 
(Fig. 1) and the work given, shows some import- 
ant points which may throw light on the early 
hydration of HAC. 
With reference -to data presented (Fig. 2), the dielectric constant and electrical resistivity are 
much lower and higher, respectively, than those 
of OPC paste at the same age. This would indi- 
te an overall reduction in ionic concentrations. 
The initial rise in dielectric constant and drop in 
resistivity (this is not noticeable on the graph 
owing to scale) is due to the gradual leaching of 
ions from the grain surfaces into solution and 
< 15' C CaO " A1203.10H20(CAH, o) 
15-25'C +I 
increase temperature 
CaO " A1203 + H2O A1203 + 2CaO " A1203.8H20(C2AH`) 
1 increase temperature > 25' C A120, + 3CaO " A1203.6H20(C3AH6) 
At normal ambient temperatures, CAH10 and 
C2AH8 would be normal products of hydration. 
However, if the temperature rises above 25C 
conversion takes place as CAH1 and C2AHx are 
transformed to C, AH6. 
double layer polarization effects on the grain 
surfaces. In OPC paste, reactions set in rapidly; 
i. e. while mixing, and, consequently, this initial 
rise in dielectric constant and drop in resistivity 
go undetected. From Fig. 2 the peak in dielectric 
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constant at 40 min is followed by a gradual drop; 
the formation of a weak aluminous gel and 
amorphous calcium aluminate hydrates on the 
grain surfaces, reducing charge mobility, could 
be responsible for this reduction in dielectric 
constant. The resistivity reaches a minimum at 
this time (40 min) and is taken to mean that the 
gauging water has achieved a supersaturated 
state. At 100 min and up to 200 min, the dielec- 
tric constant remains constant and the resistivity 
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shows only a very gradual rise. This signifies an 
overall reduction in reaction rate and a period of 
little chemical activity as the weak coating 
formed on the grains temporarily prevents 
further hydration, that is, a dormant period. 
There is a similar dormant period in OPC hydra- 
tion. At approximately 200 min, rupturing of the 
weak coating initiates renewed hydration of 
CaO " A1203 resulting in an increase in the 
polarizability of the paste and subsequent rise in 
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dielectric constant. It is evident that the renewed 
hydration results in a release of charges which 
are associated with the grain surfaces and not 
with the bulk aqueous phase, as no reduction in 
resistivity is detected at this time. The peak in 
dielectric constant at 260 min coincides with a 
rise in resistivity (signifying the start of setting, 
cf. OPC paste at 200 min) and an increase in the 
internal temperature of the paste (which is 
conducive to the formation of 2CaO " Al-O3 
8H, O). At this point in time, the paste is increas- 
ing in rigidity. However, because of the exo- 
thermic nature of monocalcium aluminate 
hydration, the temperature of the mix rises con- 
siderably (- 120` C) and conversion of the 
hydrates to 3CaO " AI: O, " 6H; O must result. 
The authors attribute the peak in dielectric 
constant and the drop in resistivity noticeable at 
peak temperature (350 min) to a combination of 
3CaO " AI, O, " 6H2O formation and the rise in 
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internal temperature of the paste (the dielectric 
constant and resistivity [6] being temperature 
dependent). A certain amount of internal desic- 
cation must result from this rise in temperature. 
The peak and drop in dielectric constant and 
resistivity is short-lived as the paste rapidly gains 
rigidity, and the period of hardening com- 
mences. Thereafter, the curves follow the same 
trend as OPC paste, although the magnitudes of 
the measured electrical parameters are an order 
of magnitude lower, in the case of dielectric 
constant, and higher in the case of resistivity. 
Fig. 3 shows the variation in loss angle for HAC 
paste over the test period. In the case of 
Portland-Aluminous mixtures, the reactions are 
greatly accelerated compared to HAC or OPC 
on their own. A typical response curve is given in 
Fig. 4. In this instance, the OPC and HAC were 
mixed in the ratio 9: 1 (by weight). 
The authors attribute the peak in dielectric 
constant at 15 min to the tricalcium silicate 
hydration in the OPC phase of the mixture. This 
has been accelerated from 200 min (Fig. 1) and 
results in a rapid setting of the mixture. The 
resistivity at this time increases rapidly showing 
a high strength gain. Fig. 5 shows the variation 
in loss angle for HAC/OPC paste. 
The work presented further shows that the 
electrical response of OPC and OPC/HAC mix- 
tures can be used to monitor their early hydra- 
tion characteristics, and the rate of change of 
these parameters (dielectric constant and resis- 
tivity) gives an indication of the rate at which 
reactions are progressing. 
The technique outlined offers a practical 
method for determining mixture proportions to 
obviate hyper-fast-setting of the Portland- 
Aluminous cement mixtures. 
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A study of the early hydration of 
Portland cement 
W. J. McCARTER, BSc, PhD* 
A. B. AFSHAR, BSc, MSc 
A novel electrical response technique for monitoring cement hydration is presented. The 
response data can be used to monitor the chemical and structure-building processes associ- 
ated with hydration and also in assessing the influence of, for example, additives, cement 
composition and environment on these processes. Scanning electron microscopy is used to 
corroborate predictions about the state of the paste inferred from the electrical response. 
Practical applications of the method are discussed. 
Introduction 
Techniques in examining the structure of hydrating cement paste have advanced 
quite considerably with the development of the scanning electron microscope 
(SEM) and transmission electron microscope, and nuclear magnetic resonance and 
X-ray diffraction methods. 1-3 The hydration of silicate material is of central 
interest in the study of ordinary Portland cement (OPC), yet, in spite of the 
amount of research carried out using these techniques, much about the very early 
structure and nature of the hydration products remains obscure. Inferences about 
the products of hydration in cement have been made from more or less pure 
silicate compounds; "' however, in cement paste, the various anhydrous com- 
pounds will not react independently but cross-reaction and synergistic effects will 
occur. 
2. Such sophisticated techniques have certain disadvantages: instrumentation 
is not readily available; they require skilled interpretation; samples for testing 
require special preparation techniques and the fabric structure can be disrupted 
when samples are evacuated under low pressures. In addition, only a very small 
area of the sample is examined, as little as a few microns, and care must be taken in 
evaluating macroscale performance for microscale examination. 
3. This Paper has, as its purposes, 
(a) description of the alternating current (a. c. ) response characteristics of 
cement paste during the early stages of setting and hardening; 
(b) interpretation of this response in terms of chemical and structure-building 
processes; 
(c) illustration of the influences of admixtures and changes in composition on 
the electrical response of cement paste; and 
(d) the presentation of a new method for the study of hydrating cement paste. 
Written discussion closes 15 November 1985; for further details see p. ii. 
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4. It is essential for the cement technologist to have a full understanding of the 
hydration characteristics of special cements and the effects of admixtures and 
varying chemical composition- to ensure correct setting and hardening of the 
cement. This Paper presents a simple practical method in gaining this understand- 
ing, by using the electrical response as a' fingerprint' for cement hydration. 
A. C. Response characteristics of cement paste 
5. Much work has been undertaken in measuring the change in the electrical 
resistance of cement paste, mortars and concretes throughout the setting and 
hardening processes, ' '" and attempts have been made, with varying degrees of 
success, to correlate changes in the physical state of the paste"" with changes in 
electrical resistance. Little attempt has been made to relate changes in electrical 
resistance with the chemical processes associated with setting and hardening or the 
rates at which reactions are progressing; furthermore, differing specimen sizes, 
electrode configurations, measuring techniques and test conditions together with a 
general lack of data points over the initial 24 h period make results vary within 
wide limits. 
6. The electrical model used by previous workers in representing the early 
stages of hydrating cement paste has been a purely resistive one; however, the 
application of an alternating electrical field to a colloidal dispersion such as 
cement paste produces a response which can be measured not only in terms of a 
resistance, R, but also as a capacitance, C. Cement paste, reduced to its equivalent 
electrical circuit, can be represented by a series combination of resistance and 
capacitance, a parallel combination of resistance and capacitance or a com- 
bination of both. Such models have been successively used in representing rela- 
tively mature specimens of cement; "-" this study uses a parallel electrical 
model' 1.21 to represent cement paste during the initial 24 h of the hydration 
process-even this model is perhaps an oversimplification of the actual physical 
situation. 
7. The measured values of capacitance and resistance can be converted into 
dielectric constant e which is defined as 
a°C/Co (1) 
in which Co is the capacitance or the system when a vacuum occupies the space 
between the pair of electrodes, and resistivity p which is defined as 
pa RAIL flm (2) 
where L is the length of the specimen (metres) and A is the cross-sectional area of 
the specimen (metres squared), assumed uniform. 
Conduction and polarization mechanisms 
8. When an electric field is applied to a colloidal dispersion such as cement 
paste, some charges, in the form of ions in solution, are free to drift through the 
solution and discharge at the electrodes. This produces a conduction effect which 
is reflected by the resistance R and hence the resistivity p. Charges, which are 
bound to grain surfaces, are not able to contribute to the conduction effect but are 
able to oscillate about their equilibrium position in the presence of an alternating 
electrical field. Oscillation of charges, without conduction, is called polarization 
and the main polarization mechanisms operative within a cement paste are 
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(a) double-layer or colloidal layer polarization, in which charges adjacent to 
grain surfaces can be displaced="'=° thereby inducing a large effective 
dipole moment (Fig. I (a)) 
(b) interfacial polarization or Maxwell-Wagner effect, which results in an 
accumulation or build-up of charges at crystal boundary interfaces=°"=' 
(Fig. 1(b)). 
The total of the polarization mechanisms is reflected by the capacitance C and 
hence the dielectric constant e. As the frequency of the applied electrical field is 
increased then the contribution of each mechanism diminishes. 
Setting and hardening processes in cement paste 
9. The reaction between cement clinker and water is a complicated chemical 
process and takes place in a number of stages. ="-30 There-are four stages in the 
hydration of cement paste which can be summarized as follows 
(1) an initial period of rapid chemical activity and saturation of the gauging 
water with Ca 2+ and OH' ions, and other minor ions leached from the 
surfaces of the cement grains, primarily Na', K' and SO; '. Tricalcium 
silicate (C3S) and tricalcium aluminate (C3A) hydration are prominent 
during this stage 
(2) an induction, or dormant, period of little chemical activity and slower 
reaction rates as the gel, which forms on the grain surface, retards the 
action 
No field Applied field 
i- 
ý 
-- 
+ 
l. 
4 
(a) 
-. - +' 
+ 
_+ -- +4. -+ 
Ib) 
Fig. 1. Polarization mechanisms in cement paste: (a) double-layer polarization: 
(b) interfacial polarization 
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(3) a period of renewed chemical activity on the cement grains as the rela- 
tively weak gel coating ruptures, thereby exposing unhydrated cement 
grain surfaces: the gel extends to form a fibrous rigid structure and this 
stage is characterized by an incre2-e in the rate of heat evolution (this 
secondary reaction occurs on the C3S phase) 
(4) after this renewed chemical activity the period of hardening begins and is 
characterized by much slower reaction rates: hydration of C2S becomes 
prominent and, depending on the Ca=' and SO; ion concentration, 
renewed activity on the C3A phase. 
It is during stage 3 that the paste changes from a fluid to a rigid state and over this 
transition period the terms 'initial set' and 'final set' are used to define arbitrary 
degrees of firmness of the paste. Traditionally, the Vicat Needle31 has been used to 
quantify these terms. 
10. It is evident that during the four stages of hydration, definite chemical and 
structural changes occur which 
(a) change the physical state of water; 
(b) increase or reduce ionic concentrations within the gauging water; 
(c) increase the viscosity of the paste; and 
(d) absorb and irrotationally bind charges. 
Since the electrical parameters, resistivity and dielectric constant, depend on the 
ease with which charges can conduct or be polarized, then they should reflect the 
chemical processes associated with cement hydration. 
Experimental programme 
11. The experimental programme was developed on two fronts: quantitative 
information about the progress of hydration reactions was obtained from electri- 
cal response techniques and qualitative information about the morphology of 
hydrate development and surface topography of the grain surfaces was obtained 
by scanning electron microscopy. 
Scanning electron microscopy 
12. Freshly prepared fracture surfaces of cement paste samples (approximately 
5 mm diameter and 5 mm thick) were examined in a Cambridge Stereoscan 
electron microscope (model 250 Mk2). The specimens were dried under a low 
pressure and the surface sputtered by vacuum deposition with a thin layer of gold 
to render them electrically conducting to. prevent build-up of charge on the 
surface. 
13. It should be emphasized that at such early stages some disruption of the 
microstructure through rapid dehydration is inevitable, but the basic skeletal 
morphology will remain substantially unchanged. 
Electrical method 
14. The in-phase (resistance) and quadrature (capacitance) components of the 
impedance were measured using a Wayne Kerr B905 Component Bridge at three 
frequencies-100 Hz, 1 kHz and 10 kHz. In addition, the internal temperature of 
the specimens was monitored using an HP3465A digital voltmeter with compat- 
ible thermistor. The instruments were controlled using an HP9915 modular 
microcomputer and a schematic diagram of the system architecture is shown in 
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Fig. 2. A reading cycle was initiated, under clock control, at 300 s intervals over the 
24 h test period and data were processed and then stored on a floppy disc storage 
medium. The address sequence of the peripherals is given in Fig. 3. 
15. The samples were contained in a dielectric cell (Fig. 4) which had been 
calibrated to eliminate errors due to field fringing effects and capacitance associ- 
ated with cell material. Electrodes were placed at opposite faces of the cell and the 
sample size was 100 mm x 100 mm x 100 mm. Lead inductance, which introduces 
errors into the results at higher frequencies, was also calibrated from the incoming 
data. 
16. OPC (ASTM type 1) was used for all tests and water (dielectric constant, 
approximately 80; resistivity, approximately 100 f2m) was added by weight of 
cement. Specimens were made from single batches of cement to minimize the 
effects of variability of materials and mixed using a Hobart planetary motion 
rotary mixer. The mixing time was kept constant and specimens were vibration 
compacted. All experiments were carried out under constant environmental condi- 
tions (temperature and humidity). A water-to-cement ratio of 0.27 was used for the 
data presented, this water-to-cement ratio producing a paste of standard 
consistency. ' 1 
Results 
17. Results from the experimental programme have been presented 
(a) to demonstrate the use of the electrical response of cement paste as a 
means of monitoring early hydration 
(b) to throw light on the morphology of hydrates on grain surfaces using 
SEM micrographs and correlation of electrical response with crystal 
growth and formation 
(c) to demonstrate the influence of admixtures and chemical composition on 
electrical response curves. 
The electrical response. graphs are typical results taken from over 100 tests. 
Although the electrical response was obtained at three frequencies of applied 
field-100 Hz, l kHz and 10 kHz-data have only been given for I kHz. 
Printer 
tj 
tr Disc 
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Humidity cabinet 
Fig. 2. Schematic diagram of system architecture 
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Discussion of results 
Electrical response of ordinary Portland cement 
18. Figure 5 shows the changes in dielectric constant, electrical resistivity and 
internal temperature of cement paste over the initial 24 h period. The electrical 
response of the paste varies quite markedly, chemical reactions occurring within 
the paste can be identified with changes in electrical response and, in addition, the 
rate of change of the electrical parameters are indicative of the rate at which 
reactions are occurring. 
19. Immediately on gauging cement and water, the bulk aqueous phase 
becomes saturated with calcium and hydroxyl ions, while the cement grains will be 
surrounded by a weak, highly amorphous C-S-H layer and stabilized by an 
electrical double layer comprising, primarily, Cat' and 0H- ions. Ions in the 
aqueous phase will result in a low electrical resistivity at these early stages 
(compared with that of the original mixing water); charges, associated with the 
grain surface, while not available for the conduction process, can be polarized by 
the alternating electric field and result in high induced dipole moments. As a 
consequence, high dielectric constants at low frequencies of applied field are 
Y, ,.. 
er 
.PRý 
% oll 
Fig. 4. Dielectric cell 
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expected as the charges, associated with grain surfaces, can follow the alternations 
of the electric field. The dielectric constant over the initial 40 min decreases quite 
rapidly and could be accounted for by a build-up of the gelatinous (gel) coating on 
the grains reducing charge mobility. The build-up of the semipermeable mem- 
brane surrounding the grain will hinder diffusion of ions into solution and result in 
an overall reduction in reaction rate. It is evident that from 40 min, and up to 180 
min, the rate of change of dielectric constant is considerably reduced and would 
signify little activity within the paste. The initial burst of activity up to 40 min 
could be identified as stage 1 of the hydration process while the period 40-180 min 
would give credence to the dormant, or induction, period of little chemical activity 
associated with stage 2. The resistivity, however, shows little change over the 
initial 180 min rising by approximately 8% of its initial value. The gauging water 
at this early stage will be electrolytically saturated and even though ions are 
moving out of solution little effect on the resistivity would be noticed. 
20. At approximately 180 min there is a marked rise in the dielectric constant 
peaking at approximately 200 min followed by an equally significant drop. The 
sudden rise indicates a spontaneous burst of chemical activity within the paste. 
The Authors attribute this peak to a rupturing of the relatively weak gel coating 
(C-S-H) exposing unhydrated cement grain surfaces and subsequent release of 
charges into the double layer around the grain which can be polarized by the 
alternating electric field. The peak at 200 min is short lived indicating a sudden 
burst of chemical activity leading to an irrotational binding of charges, contact 
between the gel on the grain surfaces and an overall increase in rigidity of the 
paste. Formation of a more stable C-S-H and crystallization of Ca(OH)2 would 
be occurring over the period of the peak (180-600 min). The magnitude of the peak 
at 200 min gives an indication of the degree of instability of the relatively weak 
hydrate formed on the grain surface. The rise in resistivity at 200 min coincides 
with the drop in dielectric constant, and it is postulated that the renewed chemical 
activity is associated with grain surfaces and not the bulk aqueous phase. If 
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Fig. 5. Variation in dielectric constant, resistivity and temperature of cement paste 
during 24 h after gauging with water (water-to-cement ratio, 0.27) 
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charges are released into the capillary water then a drop in resistivity should be 
detected; however, this is not evident. 
21. Over the period 200-600 min the resistivity rises quite sharply indicating 
that conduction paths through the continuous capillary pores in the paste are 
becoming more tortuous as the grains segment and ionic concentrations decrease. 
At 600 min the electrical parameters undergo yet another change and this is taken 
to signify the end of stage 3 and the beginning of stage 4 of the hydration process. 
The resistivity decreases and, coinciding with this, there is a rise in dielectric 
constant (although slightly obscured by scale). This is taken to indicate further 
activity within the paste; however, the reactions are at a much slower rate as 
indicated by the rate of change of these parameters. At this point in time (600 min) 
the paste has considerable strength and the grains have segmented. This renewed 
activity must release charges into the continuous capillary pores-thereby 
reducing the electrical resistivity-and into blocked capillary and gel pores- 
thereby increasing the dielectric constant by interfacial polarization. The period 
after 600 min is regarded as the beginning of the hardening process, the changes in 
resistivity and dielectric constant indicating activity on the C2S phase and 
renewed activity on the C, A phases. The magnitude of the decrease in resistivity 
indicates that, perhaps, the C2S phase predominates as this is present in a greater 
percentage by weight. The initial set and the final set, as defined by the Vicat 
Needle, were at 110 min and 210 min respectively for this consistency of paste. 
22. From the electrical response curve, four stages in the early hydration of 
Portland cement have been identified and corroborate previous theories on the 
chemistry of cement hydration, these stages being 
(1) initial build-up of amorphous hydrates on the grain surface (0-40 min) 
(2) a dormant period of little chemical activity (40-180 min) 
(3) a period of renewed chemical activity and a gain in rigidity of the paste 
(180-600 min) 
(4) a reduction in the rate of chemical activity and a general slowing-down of 
reactions: hydrates on grain surfaces assume a definite crystalline 
appearance (600 min onwards). 
Scanning electron microscopy 
23. SEM photographs were taken at appropriate points in time during the 
hydration process to investigate the morphology of the hydrates on the grain 
surface. The time at which the photographs were taken at critical stages in cement 
hydration, these stages being identified from the electrical response curve shown in 
Fig. 5. 
24. Figure 6(a). Fig. 6(a) shows a cement grain before gauging with water. 
White crystals visible on the grain surface can be identified as Ca(OH)2, showing 
that a certain amount of hydration must occur while the cement is in storage. 
25. Figure 6(b). Fig. 6(b) was taken at the end of stage 2 and the beginning of 
stage 3 (180 min): a partial coating of amorphous C-S-H has been formed on the 
grain surface and some segmentation of the grains has occurred. Fibrillar growths 
from the grain surface show formation of ettringite on the C3A phase. It is evident 
that the gel coating has gained sufficient strength as no disruption due to dehydra- 
tion has taken place. The dark regions in the centre of the photograph show a 
capillary pore which has been evacuated of water. 
26. Figure 6(c). Fig. 6(c) was taken midway through stage 3 (330 min): the 
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grains now show a complete coating of amorphous C-S-H resembling fish scales. 
There is little evidence, at this stage, to suggest that the hydrates on the grain 
surface have any definite crystalline structure. 
27. Figure 6(d). Fig. 6(d) was taken at the end of stage 3 and the beginning of 
stage 4 (approximately 600 min). The hydrates on the grain surface have now 
taken on a definite morphology. The stumpy surface protruberances are identified 
as C-S-H, while the large white crystals attached to the fibrillar growths are 
portlandite (Ca(OH)i). 
28. Figure 6(e). Fig. 6(e) was taken at 700 min after gauging: the grain surface 
shows the development of long slender needles, believed to be ettringite growing 
from the C3A phase. The structure of the cement paste has taken on a crystalline 
appearance. 
29. Figure 6(f). Fig. 6(f) was taken at 900 min and the surface of the cement 
grains shows a definite crystalline morphology. The grain shows C-S-H crystals, 
which appears as a burr on the grain surface, together with large portlandite 
crystals (centre left of photograph). 
30. Figure 6(g). Fig. 6(g) was taken 1000 min after gauging: long slender 
ettringite crystals are evident. Closer examination shows plate-like foils growing 
through the ettringite believed to be monosulphoaluminate crystals, caused by 
secondary reaction on the C3A phase associated with stage 4. 
i. 1 
Fig. 6. (Above, facing and overleaf) SEM micrographs taken during the initial 24 h: 
(a) cement grains before gauging (x 2940); (b) 180 min (x 2940); (c) 330 min (x 588); 
(d) 600 min (x 2940); (e) 700 min (x 588); (f) 900 min (x 2940); (y) 1000 min 
(x 2940) 
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Strength development of paste 
31. A series of tests was carried out to investigate the development of strength 
of the paste over the initial 24 h. 50 mm cubes of cement paste were tested at 
discrete points in time and the strength development curve is given in Fig. 7. By 
200 min the paste has gained sufficient strength to be demoulded, failure of the 
cube being akin to that of a heavily consolidated clay, i. e. plastic. At 250 min the 
failure pattern resembles that of a 'classic' cube failure, indicating that the paste is 
taking on the behaviour of the solid. Over the next 400 min the rate of gain of 
strength increases, coinciding with the period where the electrical parameters are 
undergoing rapid changes and the structure-building processes are occurring. 
Influence of retarders and accelerators on electrical response 
32. Tests were carried out to investigate the effect of retarders (sugar) and 
accelerators (calcium chloride) on the hydration process and their influence on the 
electrical response. The additives were added by percentage weight of cement and 
the response curves are given in Fig. 8. From Fig. 8(a) (retarder) and 8(b) 
(accelerator), it is evident that the critical points on the dielectric constant and 
electrical resistivity curves associated with hydration processes discussed pre- 
viously have been reproduced at later and earlier stages for retarders and acceler- 
ators respectively. 
33. For the retarder, the dormant period of stage 2 has been extended and 
renewed activity on the C3S phase (which leads to setting) takes place at approx- 
imately 600 min. When an accelerator is added to the mix, the dormant period is 
considerably reduced and the C3S hydration peak occurs over a much reduced 
time-scale. Reaction rates, inferred from the rate of change of electrical parameters, 
are considerably reduced for the retarder and increased for the accelerator, parti- 
cularly over stage 3 of the hydration process. (In Fig. 8(b) the dielectric constant 
does not become zero at 100 min, as the scale of the graph masks the actual values 
at this stage. ) For the data given, the addition of 0.05% sugar delays setting by 400 
min (i. e. from 200 min to 600 min), while 1.5% calcium chloride accelerates setting 
by 120 min (i. e. from 200 min to 80 min). 
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Fig. 7. Increase in strength of cement paste over initial 24 h 
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Influence of chemical composition on electrical response 
34. To investigate the effect of varying the chemical constituents of the cement 
on the electrical response, a series of tests were conducted on high alumina cement 
(HAC) (Cement Fondu Lafargue), the main cementitious phase in HAC being 
calcium aluminate (CA). The variations in the measured parameters are shown in 
Fig. 9. 
35. With reference to the data presented, the dielectric constant and the electri- 
cal resistivity are much lower and higher respectively than for OPC paste and this 
means an overall reduction in ionic concentrations. The initial rise in dielectric 
constant is due to the gradual build-up of charges on the grain surface thereby 
increasing double-layer polarization effects (in OPC this initial rise occurs during 
mixing and is consequently undetected). The subsequent formation of CA hydrates 
(CAH, 0 and C2AH8) reduces the dielectric constant and leads into a period of 
quiescence or a dormant period of little chemical activity. At approximately 200 
min, the dielectric constant increases indicating renewed activity within the paste, 
i. e. further hydration of CA to C2AH8. The peak in dielectric constant at 260 min 
coincides with the rise in resistivity (signifying the start of setting, c. f. OPC paste at 
200 min) and an increase in internal temperature of the paste (which is conducive 
to the formation of the conversion product C3AH6). After 260 min the viscosity of 
the paste increases. Owing to the exothermic nature of CA hydration, the tem- 
perature rises markedly, and at approximately 350 min attains a peak temperature 
of about 120°C. The peak in dielectric constant and the drop in resistivity notice- 
able at peak temperature are attributed to a combination of C, AH8 formation and 
an increase in internal temperature-the dielectric constant and resistivity being 
temperature dependent. Some internal desiccation must result from this rise in 
temperature. The peak in dielectric constant and the drop in resistivity are short 
lived as the paste rapidly gains rigidity and the* period of hardening begins (at 
about 500 min). The values of dielectric constant and electrical resistivity are 
substantially lower and higher respectively than those of OPC paste at all stages 
throughout hydration. 
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Effect of age of cement on hydration characteristics 
36. The results given are for OPC supplied from a builder's merchant and had 
been estimated to be lying in storage for about 46 weeks before delivery. Experi- 
ments were conducted on ex-works' cement which was approximately I week old 
and the response curve for this cement is given in Fig. 10. Certain similarities 
between 'old' and 'new' cement are noticeable, but, perhaps, the most significant 
differences are 
(a) the reduction in length of the dormant period of stage 2 (20-100 min) 
(b) a more significant drop in resistivity and a rise in dielectric constant 
associated with stage 4. 
The implication of (a) and (h) is that the 'new' cement sets at an earlier stage 
(about 100 min) and will, consequently, be stronger than the 'old' cement at any 
stage in time over the 24 h test period. In addition, the cement lying in storage will 
have developed hydrates on the grain surface due to moisture absorption (Fig. 
6(a)) and will result in an overall reduction in reaction rate. 
Conclusions and concluding remarks 
37. The following conclusions can be drawn from the present study. 
(a) The method developed in this Paper has certain advantages over present 
structure determining techniques 
(i) the fabric structure of the paste is not destroyed 
(ii) the sample size is sufficiently large to evaluate macroscale behav- 
iour; indeed, the sample size conforms to BS 1881 (standard 
100 mm cube) 
(iii) the work presented offers an alternative method for continuous 
monitoring of hydration processes over the initial 24 h after 
gauging with water. 
(b) The four accepted stages occurring during the early hydration of cement 
paste have been both identified and verified using an electrical response 
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technique. The rates of change of these electrical parameters indicate 
the rate at which hydration is progressing. 
(c) Further new evidence on the early hydration of OPC has been given. It 
has been demonstrated that the electrical response of cement paste is 
sensitive to physical and chemical changes within the paste and the 
dielectric constant and electrical resistivity can be used as a diagnostic 
of the setting and hardening processes. The work presented could also 
help in elucidating such theories as the membrane theory postulated by 
Birchall et al. ' and Double et al. =. 
(d) The influence of admixtures on the hydrolysis and hydration processes 
can be quantified with greater accuracy than has hitherto been 
achieved. As this method is measuring the chemical processes within the 
paste, the arbitrary terms initial and final set could have more meaning 
if redefined in terms of their electrical parameters. 
(e) It has been shown that the rate at which the paste gains strength is 
greatest over the period of intense chemical activity, i. e. when the elec- 
trical properties of the paste are undergoing significant changes (200- 
600 min). 
(f) The continuous monitoring of the chemical processes in, for example, 
HAC has shown that a change in chemical composition of the cement 
influences the electrical response. Indeed, the electrical response charac- 
teristics of HAC indicate four identifiable stages in its hydration over 
the initial 24 h. Also of interest is the high internal temperature 
occurring within the HAC paste caused by secondary CA hydration. 
Some conversion must result from such a temperature rise. 
(g) from the SEM work undertaken, definite crystal formation during the 
initial 24 h has been identified and the electrical response data can be 
used to give indications about the morphology of the hydrates forming 
on the cement grain surfaces. 
38. The first 24 h of the hydration process of cement paste are perhaps the 
most important as it is during this period that the paste changes from a fluid to a 
solid state. The long-term structure (and strength) development is dictated by 
processes occurring over this period. The technique developed in this Paper has 
shown that electrical response methods can be used to ensure correct setting and 
hardening characteristics of the cement. It has also been demonstrated that admix- 
tures, composition and even age of cement have a definite influence on electrical 
response, and their effect can be quantified. 
39. Such a technique could find wide application, not only for fundamental 
research into cement hydration, but also as a relatively simple tool in helping the 
engineer in assessing cement hydration characteristics. 
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ABSTRACTt This paper details a nosel electrical technique for monitor. 
ing the chemical and physical changes occurring within cement paste. The 
present study has concentrated on the initial 24 h after gaging with water 
and investigates the influence of retarders. accelerators, and cements of 
different type on electrical response. A microcomputer-controlled data 
acquisition system was developed to obtain results that can be used to ob- 
tain accurate electrical response/time curves. This is an advancement on 
earlier techniques. The work has correlated changes in electrical response 
with known chemical changes and structure building processes in cement 
paste. The method described also offers a technique for assessing the in- 
fluence of chemical additiseson the setting and hardening processes. 
KEYWORDSt cement paste. hydrolysis. hydration. dielectric proper- 
ties. resistivity. microcomputer. additives. materials tests 
Studies on the changes in electrical resistance of cement paste in 
both the liquid and hardened state have been the subject of investi- 
gation by several workers 11-41. and attempts have been made, with 
varying degrees of success, in trying to determine the physical state 
of the paste in terms of this parameter. Little attempt has been made 
to relate changes in electrical resistance with the chemical process of 
setting and hardening; furthermore. differing specimen sizes. elec. 
trode configurations, measuring techniques and test conditions to- 
gether with a general lack of data points make results vary within 
wide limits. More recently. attention has been drawn to the use of the 
electrical resistivity characteristics of cement paste as a technique for 
measuring the degree of hydration, and hence hardening and strength 
characteristics of the paste 13-71. This work, however. has concen- 
trated on measuring the electrical resistivity of prisms from one-day 
old to periods in excess of 250 days. that is. hardening specimens. 
This study uses a modified electrical model for cement paste and 
monitors the changes in electrical characteristics over the initial 24 h 
after gaging with water with improved accuracy by means of a micro- 
computer-controlled data acquisition system. Attempts have also 
been made to correlate known chemical changes occurring in cement 
paste with changes in the measured electrical response. 
tl. rcturcr and nccarch aw ciatc. rc'. fxcticch". Department of Civil Engi- 
neering. Heriai. Wall Unn"cnitc. Edinhurgh 
E1144AS. Senfland. United 
Kingdom. 
1985 by the American Society for Testing and Materials 
Electrical Model for Cement Past. 
The work outlined above has used a resistive model for cement 
paste, mortar, and concrete with the aggregate and cement paste 
represented by a parallel combination of resistive elements. This 
model is more applicable to relatively mature specimens of cement 
paste, mortar, or concrete. The electrical model used in the present 
study to represent the macroscopic response of a colloidal disper- 
sion, such as setting cement paste. has modified this previous model 
to include a capacitive element C in parallel with the resistive ele- 
ment R (Fig. 1)181. The capacitive element. as will be explained, is de- 
pendent upon polarization mechanisms that can develop within the 
paste and is sensitive to chemical and structural changes occurring 
within the paste. 
The values of capacitance and resistance can be converted into the 
more meaningful electrical parameters. dielectric constant e. and 
electrical resistivity p. by using the relationships 
e=CLA. A (1) 
p- (RA IL) ohm-m (2) 
where 
L= length of specimen, m. 
A= cross-sectional area of specimen, m2, (assumed uniform), 
and 
e, = absolute dielectric constant of a vacuum. 8.854 X 10'12 
faradsim. 
The dielectric constant e can also be defined as 
c= C/C (3) 
%here C. is the capacitance of the system when air occupies the space 
between the electrodes. It should be emphasized that capacitance 
and resistance depend upon the size and shape of the specimen. 
whereas dielectric constant and resistivity are constants for the par- 
ticular material, that is. comparing resistance and capacitance of 
specimens can be erroneous, but dielectric constant and electrical 
resistivity can be compared no matter the size or shape of the specimen. 
Another lernt used in measuring the combined effects of dielectric 
polarization and electrical conduction at a particular frequency j is 
the loss angle b, and is defined numerically as 
tan6= 1/2>r.! «na 141 
0149.612318510012-0057S02.50 
57 
58 CEMENT, CONCRETE, AND AGGREGATES 
C 
R 
LII1 FIG. I-Electrical model for cement paste. 
and is the tangent of the ratio of the current flowing through the resis- 
tive element to the current flowing through the capacitive element. 
Polarization and Conduction in Cement Paste 
Ina fine grained material, such as cement. there will be a concen- 
tration of electrical charges adjacent to the surface of the individual 
particles. The amount of charge and the strength by which it is held 
depends on such factors as particle surface texture, the number of 
unsatisfied surface bonding sites, and the net electrical charge on the 
particle itself. When an alternating electrical field is applied, the 
charges next to the particle surface tend to oscillate back and forth 
with a certain amplitude. The amplitude of oscillation will vary with 
such factors as the type of charge, the degree of association of the 
charge with the particle surface, particle orientation, and the tem- 
perature of the system as well as the strength and frequency of the 
electrical field. The oscillation, or movement, of charges in an elec- 
trical field is called polarization. 
The polarization (on a microscopic scale) produced by an alternat- 
ing electrical field in a cement which includes both ions and perma- 
nent dipoles can be classified under three main headings: 
1. Particle alignment of permanent dipoles and polar molecules 
in the field direction 19-11 (Fig. 2a). 
2. Accumulation or buildup of charges at crystal boundary inter- 
faces 112.131 (Maxwell-Wagner effect) (Fig. 2b). 
3. Induced polarization in the field direction because of 
(i) displacement of ions from their zero field equilibrium posi- 
tions 1141 (Fig. 2c) and 
(ii) displacement of double-layer charges adjacent to particle 
surfaces (15.16] (colloidal-layer polarization) (Fig. 2d). 
The capacitance C and hence the dielectric constant c are a mea- 
sure of the amount of polarization that can develop within the paste 
when subjected to an alternating electric field and will be the sum 
total of all the polarization mechanisms mentioned above. 
Some charges, usually in the form of ions in solution, which are 
not bound to particle surfaces, are free to drift through the solution 
and discharge at the electrodes. This produces a conduction effect 
that is reflected by the resistance R and hence, resistivity p. 
The frequency of the applied alternating electric field has a signifi- 
cant influence on polarization (and hence dielectric constant) with 
certain polarization mechanisms operative only over a particular fre- 
qucncy range. Resistance, on the other hand, is not as sensitive to 
frequency changes. For this study, the frequency of the applied electri- 
cal field was varied over two decades, that is, from 100 Hz to 10 kHz. 
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FIG. 2-Polarization mechunisms. 
Physio-Chemical Processes In Setting Cement Paste 
Hydration of portland cement is a sequence of overlapping chemi- 
cal reactions that proceed at different rates for the various mineral 
phases. The main events that take place during the setting process of 
a normal cement paste are visualized as proceeding through four 
stages 117-231. 
The first stage lasts for only a few minutes. Immediately upon con- 
tact of cement with water an exchange of ionic species initiates be- 
tween the solids and the liquid phase. The high solubility of some of 
the clinker components leads to a rapid increase in concentration of 
the liquid phase with respect to Cat+, OH -. SOY , 
K+, Na'. and 
AI(OH)- Hydration commences quickly on the tricalcium silicate 
(C3S) and tricalciumaluminate (CAA) phases as the first hydration 
products are formed (calcium-silicate-hydrate IC-S-HI and calcium- 
aluminate-hydrate IC-A-H), respectively), and a large amount of 
heat is evolved. The gel, which forms on the clinker particles, retards 
the reaction and results in a dormant period of little activity with the 
reaction kinetics nucleation controlled (Stage 2). The unstable pri- 
mary hydration product (C-S-H) has a large excess of linse in its 
structure, and after several hours, dissolution, or splitting off, of the 
initial products results in renewed acceleration of alite dissolution 
(Stage 3). This leads to the formation of a second product of 
C-S-H(11) and is quickly followed by the formation of a third stable 
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product C-S-H(1). During this third stage. the viscosity of the paste 
decreases and the rate of heat evolution increases reaching a peak 
between b to 1Ih and is assigned to the reaction on the alite phase. 
The reaction kinetics at this stage are diffusion controlled. 
After the third stage the period of hardening commences (Stage 4) 
and is characterized by low heat evolution and a decreased overall 
reaction rate. Hydration of dicalcium silicate (CIS) becomes more 
significant at this stage. Depending on SOä - concentration. sec- 
ondary hydration of CtA can occur at the end of Stage 3 or the be- 
gitlning of Stage 4. 
The dielectric constant and electrical resistivity are dependent 
upon 
(1) changes in the physical state of water and ionic concentrations 
within the gaging water. 
(2) the east with w hich dipoles and polar molecules can be polar- 
ized within the paste, and 
(3) the degree of association of charges with grain surfaces and 
temperature of the system. 
As outlined above. since definite chemical and structural changes 
occur within the cement paste then these should be reflected by 
changes in the measured electrical parameters. 
Experimental Program and Scope of Investigation 
The variables that had to be measured were the resistance R and 
capacitance C of the cement paste over a 24-h test period. From this 
raw data the required constants. c. p. and tan b could be determined 
at predetermined frequencies in the range 100 Hz to 10 kHz. In addi- 
tion. the internal temperature of the specimens was monitored. All 
experiments were carried out in the confines of a humidity cabinet to 
maintain constant ambient air conditions. 
Materials 
Tests were carried out using ordinary portland cement (OPC) 
(ASTM Type 1). and the water/cement ratio was kept within the re- 
gion 0.27 to 0.35 (by weight)-this region producing a paste of stan" 
dard consistence. Tests were also carried out on high alumina ce- 
ment(Ciment Fondu). 
The specimens were made from single batches of cement to mini- 
mize the effects of variability in materials. Tap water w as used for all 
experiments (electrical resistivity - 100 f) " m: dielectric constant 
- 80). The cement was mixed using a Hobart planetary motion 
rotary mixer. Mixing time was kept constant at 2 min. and 
specimens were vibration compacted in approximately three equal 
layers. 
Calcium chloride and table sugar were used in the present pro- 
grant as an accelerator and retarder. respectively. 
Test Cell 
The cell used to contain the cement paste comprised a 100. by 100- 
by 100-mm perspex mold fitted with 100- by 100- by 5-mm brass 
plate electrodes, the electrodes being attached to two opposite faces 
of the mold. 
For conversion of the measured capacitance value to dielectric 
constant the cell had to be calibrated to take account of errors intro- 
capacitance of the cell itself. The cell was calibrated at the test fre- 
quencies using a liquid of known dielectric constant. in this instance. 
cyclohexane (i = 2.025 at 20°C): hence. C. could be found and the 
dielectric constant of the paste obtained. The resistance values can 
be convened to resistivity by the introduction of a geometrical con- 
stant G(=Ail). for the cell. thus 
p=RGf "m 
Data Acquisiriw. 
(5) 
Wayne-Kerr Component Bridge B905 was used to measure the 
parallel resistance and capacitance for the model in Fig. 1. The B905 
was fitted with an Institute of Electrical and Electronic Engineers 
(IEEE) bus interface that permits the instrument to operate as a 
basic talker/listener and could output data on to a common bus as 
well as being fully controlled from the bus. The B905 can operate at 
any of four standard frequencies. only three of which were used: 100 
Hz. I kHz. and 10 kHz. The instrument also had the capability of 
outputting the raw data onto a printer via an RS232 interface on the 
instrument. 
A He%lett Packard HP34S6A digital voltmeter, with compatible 
thermistor, was used to measure the internal temperature changes of 
the specimens. The voltmeter was also equipped with an IEEE inter. 
face bus that enabled it to be controlled remotely. 
As outlined above, the test cell was calibrated at the three frequen- 
cies in order to determine the necessary capacitance/dielectric con- 
stant conversion constants. These, and the cell gemoetrical constant, 
were entered into the main hardware control program thus enabling 
the incoming raw data (values of resistance and capacitance) to be 
converted into electrical resistivity and dielectric constatst. 
The controller employed to manage the overall running of the ex- 
periment, control the individual peripherals, and store the data was 
a HP9915 modular computer. Four other peripherals completed the 
system: a disk storage unit. two printers. and a Calcomp 84 X-Y 
eight pen plotter. An HP. IB interface bus was used to interface the 
890.5. HP3456A. disk-storage unit and one of the printers to the con- 
troller, this printer giving a hardcopy of the processed data. The 
other printer, as mentioned above, was interfaced via a RS232 serial 
interface direct to the B90S bridge. The plotter was serially inter. 
faced to a HP8S microcomputer, enabling the data analysis to be 
carried out independently of data acquisition. 
The microcomputer controlled data acquisition system described 
could 
(1) monitor the experiment and control the various peripherals 
that comprise the system over the 24-h test period. 
(2) initiate a reading cycle (under clock control), and log, process 
and store eight pieces of data at each reading cycle. viz. initiating 
time; internal cube temperature; capacitance (at three frequencies) 
and resistance (at three frequencies), and 
(3) store the data on a floppy disk storage medium. which could 
then be easily accessed for analysis. 
The experiment was continuous over a 24-h period, and with the 
interval between reading cycles of I min during the first hour. and S 
min over the remaining 23-h. approximately 340 reading cycles were 
triggered and over 2500 individual pieces of data recorded. 
A schematic diagram of the system architecture and peripheral 
address sequence is shown in Figs. 3 and 4. respectively, with arrows 
duced because of field fringing effects around the electrodes and showing the flow of information. 
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The results from the test program have been given in graphical 
form, and typical results are given in Figs. 5 to 16, that is, dielectric 
constant, resistivity and tan b as a function of time and frequency. 
The change in internal temperature with time for the cement paste 
has also been included on all graphs for comparative purposes. For 
each figure given, up to ten tests were carried out to ensure repeat- 
ability of results. 
Discussion of Results 
Figures 5 through 8 
Immediately after portland cement is contacted with water, cal- 
cium and hydroxyl ions are rapidly leached from the clinker, result- 
ing in high ionic concentrations in the bulk aqueous solution. The 
low electrical resistivity (in comparison to that of the original mixing 
water) at the initial stages of hydration are indicative of, and attrib- 
utable to, the ease of mobility and availability of charges for the con- 
duction process. On mixing, hydration products quickly build up on 
the C3S and CAA phases in the cement grain forming a membranous 
precipitate of surface hydrates consisting of amorphous C-S-H and 
C-A-H. 
Associated with this partial surface coating, the coating will be 
surrounded and stabilized by an electrical double layer comprising 
Ca++ and OH - ions. Ions within this double layer, while not avail- 
able for the electrical conduction process, can be polarized by the 
alternating electric field and will result in high induced dipole mo- 
ments (Fig. 2d); this will result in very high dielectric constants at 
low frequencies as the charges can follow the alterations of the elec- 
tric field. In addition, a contribution from Maxwell-Wagner polari- 
zation must result, albeit a relatively small contribution as crystal 
boundaries are not defined at this stage. The sum total of these 
mechanisms will result in producing a high dielectric constant (com- 
pared to that of the original gaging water). Considering Figs. 5 
through 7 only, the dielectric constant over the initial 40 min de- 
creases quite rapidly-a buildup of hydration products on the ce- 
ment grains reducing charge mobility and some crystallization of 
FIG. 3-Schematic diagram of system architecture. 
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calcium hydroxide (Ca(OH)2)could account for this drop. The build- would signify little activity within the paste giving credence to the 
up of the semipermeable layer surrounding the grains w ill hinder dif- dc. rmant or induction period of Stage 2. 
fusion of ions into solution and results in an overall reduction in reac- Although obscured by the scale of the graph. the resistivity. at all 
tion rate. It is noticeable that after 40 min and up to 180 min, the rate frequencies. falls to a minimum at 40 min. This is taken to mean that 
of change of the dielectric constant is considerably reduced and the paste has achieved supersaturation: thereafter, and up to 180 
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min, the resistivity increases only very gradually, further emphasiz- 
ing the lack of activity within the paste associated with Stage 2. 
At approximately 180 min the dielectric constant undergoes rapid 
changes, peaking at approximately 200 min before dropping. The 
authors believe that this peak is taken to mean renewed chemical ac- 
tivity on the C3S phase within the paste, with subsequent release of 
charges that can be polarized by the electrical field. The peak at 200 
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min is short-lived. showing a sudden burst of activity, which leads to 
an increase in rigidity of the paste. Contact between grains and for- 
mation of more stable C-S-H and further crystallization of Ca(OH)2 
results in an irrotational binding of charges and consequent drop in 
dielectric constant. It is also postulated that the renewed activity of 
the coating releases charges that are not available for the conduction 
process but are associated with grain surfaces as there is no reduction 
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in resistivity at this time, that is, 200 min. The magnitude of the peak 
in the dielectric constant could be a measure of the excess free energy 
or degree of instability of the unstable C-S-H hydrate on the grain 
surface. As the frequency is increased, the peak becomes more pro- 
nounced. At 200 min the resistivity rises rapidly coinciding with the 
drop in dielectric constant. This would indicate that ionic concentra- 
tions are decreasing and ionic conduction paths through the contin- 
uous capillary pores in the cement paste are becoming more tortuous 
as the paste gains rigidity. (Also at this point in time the internal tem- 
perature of the paste increases). 
At 300 min there is a reduction in the rate of change of electrical 
parameters resulting in a plateau region on both curves. As bah elec- 
trical parameters are temperature dependent [51, then this region is 
to be expected at peak temperature. More importantly, however, 
over the period 200 to 500 min the overall drop in the dielectric con- 
stant and rise in resistivity signifies crystallization of Ca(OH)2, grain 
segmentation, and general reduction in ionic concentrations in the 
gaging water. Reduction in SOS concentration will stimulate re- 
newed chemical activity on the CAA phase 119.201 as ettringite is con- 
verted to monosulpho-aluminate, and results in a further change in 
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electrical parameters after 500 min-the resistivity decreasing and 
dielectric constant increasing, the latter being more noticeable at 
higher frequencies. The paste, at this stage, has gained considerable 
strength, and the cement grains segmented. Maxwell-Wagner 
polarization would predominate at this stage. The rate of change of 
electrical parameters after 500 min is considerably reduced indicat- 
ing much slower reaction rates, indeed, changes in resistivity and 
dielectric constant after 500 min must not only be attributable to sec- 
ondary CAA hydration, but there must also be a contribution from 
initial C2S hydration. Charges must be released into the continuous 
capillary pores thereby reducing resistivity, and into the blocked 
capillary and gel pores thereby increasing the dielectric constant by 
Maxwell-Wagner effects. The authors have assigned the period 180 
to 500 min to Stage 3 of the hydration process. and the period after 
500 min as the beginning of hardening or Stage 4. 
Figures 5 through 7 also display the frequency dependence of the 
dielectric constant, which varies by almost three orders of magnitude 
over the two decades of frequency (100 Hz to 10 kHz) indicating a 
region of dielectric dispersion. The Iwo principal polarization mech- 
anisms operative within cement paste will be double-layer and 
Maxwell-Wagner effects, with the dielectric constant reflecting a 
proportion of each mechanism at any frequency; at low frequencies 
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double-layer and Maxwell-Wagner effects are both operative, how- 
ever, as the frequency increases. Maxwell-Wagner polarization will 
begin to predominate over double-layer polarization. When cement 
paste is in the liquid state, double-layer polarization effects will form 
a large proportion of the dielectric constant as charges can follow the 
alternation of the electrical field; as the paste sets and hardens, 
charges become irrotationally bound, and Maxwell-Wagner effects 
will predominate (that is, polarization of charges in gel pores and 
blocked capillary pores). 
Figure 8 reflects the combined effect of dielectric constant and 
resistivity, and changes in loss angle are also noticeable at similar 
time intervals previously mentioned, being more prominant at 10 
kHz than 100 Hz. After the initial 600 min. the loss angle attains an 
almost constant value for all frequencies. 
Although not given, similar results were obtained for all water/ 
cement ratios in the range tested (0.27 to 0.35). As the water/cement 
ratio is increased; however, the dormant period is increased and the 
C3S hydration peak delayed. 
o 500 1000 
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Figures 9 through 12 
The influence of the addition of retarder on the electrical response 
(and internal temperature) is shown in Figs. 9 and 10, and that for an 
accelerator is shown in Figs. Il and 12. Results are given for a fre- 
quency of 1000 Hz. Both admixtures were added by percentage 
weight of cement and dissolved in the gaging water before mixing. 
Considering Figs. 9 through 12. it is apparent that the critical 
points on the dielectric constant and electrical resistivity responses 
curves discussed in the previous section for Figs. 5 through 7 have all 
been reproduced but at later or earlier stages in the case of retarders 
or accelerators, respectively. The work shows that the addition of re- 
tarders or accelerators has the effect of altering the position of the 
C3S hydration peak on the time axis and increasing'decreasing the 
dormant period of Stage 2. This further shows that the peak in diclec- 
tric constant at 200 min in Figs. 5 through 7 (CAS hydration) together 
W ith the sudden increase in resistivity indicates the beginning of the 
gain of rigidity of the paste (that is, setting). 
Figure 13 
Strength tests ere carried out of 100-mm cubes of cement paste 
at predetermined times over the 24-h period. The time at Nhich the 
cubes were crushed were where critical chemical reactions were oc- 
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curving in the paste as predicted by the electrical response curves. 
namely. 200 (peak in dielectric constant). 400 (plateau region resis- 
tivity and dielectric constant). $50 (rate of change of resistivity re- 
duces). and 1440 min. The strength development is given in Fig. 13 
with each datum point being the mean of three cubes, it is assumed 
that initially the paste has zero strength. By 200 min the paste has 
gained sufficient strength to be demolded (0.1 N/mm2). and over 
the next 400 min the strength increases rapidly. particularly between 
400 to 550 min. After 550 min and up to 24"h. strength gain is grad- 
ual. The graph shows that the rate of gain of strength is maximum 
over the 200 toSOO-min period; the period where the electrical param- 
eters are changing rapidly and the main structure building processes 
are occurring. 
Figures 14 through 16 
Figures 14 through 16 illustrate the electrical properties of high 
alumina cement (HAC) during the first 24-h of hydration. The graphs 
show certain similarities to those of OPC. and the data given show 
some important points that may throw light on the early hydration of 
HAC. The major constituent of HAC is monocalcium aluminate 
(CA), hydration of which depends on temperature 120.211 
<10°C -CAH10 
CA+H-. I 10-30°C-C2AHd+ AH3 
>30°C -C3AH6+2AH3 
At normal ambient temperatures CAHtp and C=AH8 would be 
normal products of hydration; however, if the temperature rises 
above 30°C conversion takes place as CAHtp, and C2AHa is trans- 
formed to CjAH6. 
With reference to the data presented, the dielectric constant and 
electrical resistivity are much lower and higher, respectively, then 
OPC paste and would mean an overall reduction in ionic concentra- 
tions. The initial rise in the dielectric constant is due to the gradual 
buildup of charges and hydration products on the grain surfaces. In 
OPC paste this happens rapidly and the initial rise goes undetected. 
The subsequent formation of C-A-H (CAHtp and C2AH8) reduces 
the dielectric 'instant showing a reduction in reaction rate (this 
period of quiescence is more noticeable at the higher frequencies). 
At approximately 200 min further hydration of CA to C2AH8 results 
in a rise in dielectric constant. The peak coincides with a rise in resis- 
tivity and an increase in temperature of the paste (which is conducive 
to C2AHs formation). At this point the mix is beginning to increase 
in rigidity; however, because of CA hydration the temperature of the 
paste rises dramatically. The temperature rise is so considerable that 
the formation of C3AHb must result. A third peak in the dielectric 
constant curve at peak temperature. and a drop in resistivity is also 
noticeable (350 min). The authors attribute the peak in dielectric 
constant and drop in resistivity to the formation of C3AH5 and rise in 
temperature. This peak is short-lived as the paste increases in rigid- 
ity. The rise in resistivity at this time would also signify stiffening of 
the paste. Thereafter the curves follow the same trend as for OPC. 
Conclusions 
The following conclusions can be drawn from the present study: 
1. An automated microcomputer data logging system has been 
developed. which allows the flow of instruction and data between a 
number of peripherals and a central controller. Customized soft- 
ware was developed for the microcomputer to control: 
(a) the overall running of the experiment, 
(b) the action taken by the individual devices, and 
(c) the flow of data within the system. 
The system developed requires minimum input from the operator. 
minimizes the data acquisition time, minimizes the delay time be- 
tween experiments, and maximizes the freedom of manipulating the 
data to reach a conclusion. 
2. Further evidence on the early hydration of OPC has been 
given. It has been demonstrated that the electrical response of ce- 
ment paste is sensitive to physical and chemical changes within the 
paste. and the dielectric constant and electrical resistivity can be used 
as a diagnostic of the setting and hardening processes. 
3. The four accepted stages occurring during setting and harden- 
ing of cement paste can be identified using electrical response tech. 
niques. and the methods developed by the authors offer an additional 
technique to such methods as scanning electron microscopy, trans- 
mission electron microscopy, and conduction calorimetry. 
4. The influence of retarders. accelerators, and. indeed. admix. 
tures in general, on the hydrolysis and hydration processes can be 
quantified, and the rate of change of electrical parameters indicates 
the rate at which hydration Is progressing. 
5. It has been shown that the rate of gain of strength of the paste is 
greatest when the electrical properties of the paste are undergoing 
significant changes (that is, 200 to 600 min). 
6. The continuous monitoring of chemical processes in. for exam- 
ple, high alumina cement, has shown that a change in chemical com- 
position bf the cement influences the electrical response. The method 
could be used to test special cements in general. 
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DISCUSSION ON PAPER 8954 STRUCTURAL ENGINEERING GROUP 
A study of the early hydration of Portland cement 
W. J. McCarter and A. B. Afshar 
Professor B. P. Hughes, Mr A. K. 0. Soleit and Mr R. W. Brierley, 
University of Birmingham 
The Authors are to be congratulated on their demonstration of how well the 
hydration of Portland cement can be monitored by an electrical technique. Some 
recent work carried out at Birmingham has investigated the possibilities of using 
the electrical resistance as a non-destructive testing technique for concrete. 
42. The first requisite for such a study was the development of compact inex- 
pensive equipment which would be simple to use; the ohmeter was the result. 32 
Difficulties arising from the effects of polarization and capacitance reactance have 
been virtually eliminated. The voltage output of the electrolytic ohmeter can be 
connected directly to automatic data loggers or chart recorders, so eliminating the 
need to balance a traditional bridge type circuit. When results for resistivity of 7 
and 28 day old concretes were compared with more conventional methods, the AC 
resistivity using parallel variable capacitance and variable resistance bridge bal- 
ancing techniques was typically 5% lower, and the DC resistivity was typically 
10% higher, than that given by the ohmeter. Because the polarization effect for 
DC measurements could increase the measured resistivity, while capacitance reac- 
tance could decrease the measured resistivity, the ohmeter appeared to give both 
quick and accurate results. " 
43. Figure 5 in the Paper shows results for 0.27 water-cement ratio. Did the 
Authors carry out tests on OPC and HAC pastes at higher water-cement ratios, 
and if so could they show results for, say, a 0.30 or 0.35 water-cement ratio? 
Mr A. D. Buck, Mr S. Wong and Mr P. Burkes, Concrete Technology Divi- 
sion, Department of the Army, Waterways Experiment Station, Corps of Engineers, 
Vicksburg, Mississippi 
Our interest is mainly with the scanning electron microscope (SEM) data presen- 
ted in the Paper, and we would like to comment as follows. 
45. Paragraphs 28 and 30 refer to crystals which the Authors believe to be 
ettringite (Fig. 6(e)), and both ettringite and monosulphoaluminate (Fig. 6(g)). 
While we agree that these identifications may be correct, we believe the validity of 
them would be much improved by partial chemical analysis using either an 
energy-dispersive technique, a phase identification using X-ray diffraction, a 
higher SEM magnification, or some combination of these methods. I believe that 
all seven of the Fig. 6 micrographs were at about 3000X. 
46. The second comment is that in view of the fact that many of those working 
with SEM and cement hydration phases tend to use the C-S-H I, 11, III and IV 
morphological designations of Diamond, 33 the Authors might also wish to do this 
in the future and to include his paper in the list of references. 
Paper published: Proc. Insin Civ. Engrs. Part 2,1985,79, Sept, 585-604. 
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Dr McCarter and Mr Afshar 
We wish to thank Professor Hughes, Mr Soleit and Mr Brierley for their comments 
on our work and, indeed, welcome the opportunity to discuss work of mutual 
interest. We have been working for a number of years on electrical methods for 
testing cement, mortar and concrete, and would wish to reiterate the comments 
-made by Professor Hughes et al. that electrical methods could certainly be deve- 
loped for non-destructive testing and on-line condition monitoring of concrete; 
needless to say, much more work is required to identify what is actually being 
measured when an electrical reading is taken on concrete, and the main variables 
which influence the electrical response of the material. In our Paper, we have gone 
a little way towards clarifying these latter points. 
48. We have been using AC bridge techniques for fundamental research into 
the mechanisms of cement hydration but, as stated in our Paper, there could be 
many 'spin-off' developments which could be taken-up by industry; for example, 
the influence of admixtures on hydration characteristics. Because of the fundamen- 
tal nature of our work, we are logging large amounts of data and our system, as it 
stands, does not lend itself to portability! However, as Professor Hughes and his 
team have shown, compact instrumentation can be developed-certainly as far as 
resistivity measurements are concerned. Portable equipment for non-destructive 
testing is essential for site use; the ideal solution would be a 'black-box' which 
could be taken on to site, take a reading/series of readings on concrete, and could, 
subsequently, analyse the results on site. To this end, we are exploring the possi- 
bility of developing an impedance measuring system (resistivity and dielectric 
constant) for site use. 
49. Professor Hughes and his team have quite rightly pointed out that elec- 
trode polarization using DC and periodically reversed DC is always a problem in 
electrical measurements, giving, in effect, a capacitance term in series with the bulk 
resistance of the material (caused by the formation of a gas layer at the electrodes). 
This effect can be eliminated by means of AC techniques74 or 4-terminal measur- 
ing methods. What we have shown in our Paper is that measurement of dielectric 
polarization could be used to give an insight into cement hydration. 
50. In connection with electrical measurements, it is worth mentioning the following points. 
(a) Bulk resistivity is itself, in general, frequency dependent, decreasing with 
increasing frequency. We have conducted tests over a wide frequency 
band on hardened specimens and have found the electrical resistivity to 
follow such a relationship. Professor Hughes et a!. do not mention the 
frequency at which their AC measurements were taken (-1000 Hz? ) 
using bridge balancing techniques; however, if resistance readings were 
taken at much higher frequencies, the variation between the ohmeter 
results and that of the bridge would certainly be greater than 5%. 
(b) In resistivity measurements, air and aggregate are electrically similar, " 
and resistivity measurements alone may not be able to distinguish 
between these two components of concrete. An increase in resistivity of 
concrete (compared to datum mix) could result from an increase in the 
amount of aggregate in the mix or an increase in the air content of the 
mix. ' 3 
51. We have carried out an extensive series of electrical tests on the following: 
cement pastes of varying consistency; cements of different composition; and the 
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influence of the addition of aggregates to the paste. Fig. II shows the variation in 
measured parameters for OPC for water-cement ratios of 0-30 and 0 35. It is 
evident that although similar trends can be observed, absolute values change. 
5ý. We are pleased to hear about the work Professor Hughes and his team are 
undertaking, and hope that our work and comments are of interest. Electrical 
measurements on concrete can certainly be developed as a testing technique; 
howwe%er, it full appreciation of all the variables is essential to ensure correct 
interpretation of results. 
53. The contribution b) Air Buck. 11r Hong and . 11r Burkes is appreciated, 
and our comments on the points they raise are as follows. 
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DISCUSSION 
54. The initial aim of our research programme was to link the mechanisms of 
cement hydration with the variations in electrical response of the paste, with 
particular interest over the initial 24-hour period after gauging. We have tried to 
substantiate our claims with traditional methods which are familiar to researchers 
in the field and are accepted as'tools of the trade', namely SEM, strength develop- 
ment, internal temperature changes and Vicat Needle. We have shown that tenta- 
tive links can be made with electrical response and crystal morphology. However, 
it is outside the scope of our present Paper to present all the techniques currently 
available for microstructure examination. Indeed, exhaustive and well- 
documented studies have been carried out by many workers using SEM, TEM 
and X-ray diffraction. Although not presented in our original Paper, we have 
undertaken electron-probe microanalysis on selected surfaces of the hydrating 
cement grains to obtain information on the proportion of elements within the 
hydrates. 
55. As Mr Buck et al. have explained, in the course of hydration several 
different morphological types of C-S-H can be identified. Various nomenclatures 
have been used to describe the morphologies observed and two major classi- 
fications have been proposed based on SEM and TEM studies. ''" We have 
deliberately not classified the various hydrates into Types 1, II, etc., but have 
simply described the morphology and left the reader to classify the Type; this is 
because such classifications, in common with many other classification systems, 
are purely arbitrary. For example, crystals can change morphology on dehydra- 
tion with plate type crystals/foils 'rolling up' to form needles; normally quite high 
water/cement ratios are used and space is available for crystals to grow; if the 
space is restricted (as with more practical water/cement ratios), then different 
morphologies could occur. Indeed, there is a need for a universal adoption of a 
single nomenclature for C-S-H. 
56. In our present work (that is, the initial 24-hours) C-S-H- Types I and II are 
evident from micrographs, with Types III and IV occurring much later in the 
hardening process. 
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